Washington University in St. Louis

Washington University Open Scholarship
Arts & Sciences Electronic Theses and
Dissertations

Arts & Sciences

Winter 12-15-2017

Regulation of Early Zebrafish Embryogenesis by Calcium
Signaling and Dachsous1b Cadherin
Jiakun Chen
Washington University in St. Louis

Follow this and additional works at: https://openscholarship.wustl.edu/art_sci_etds
Part of the Developmental Biology Commons

Recommended Citation
Chen, Jiakun, "Regulation of Early Zebrafish Embryogenesis by Calcium Signaling and Dachsous1b
Cadherin" (2017). Arts & Sciences Electronic Theses and Dissertations. 1191.
https://openscholarship.wustl.edu/art_sci_etds/1191

This Dissertation is brought to you for free and open access by the Arts & Sciences at Washington University Open
Scholarship. It has been accepted for inclusion in Arts & Sciences Electronic Theses and Dissertations by an
authorized administrator of Washington University Open Scholarship. For more information, please contact
digital@wumail.wustl.edu.

WASHINGTON UNIVERSITY IN ST. LOUIS
Division of Biology and Biomedical Sciences
Molecular Cell Biology

Dissertation Examination Committee:
Lilianna Solnica-Krezel, Chair
John A. Cooper, Co-Chair
Michael R. Bruchas
Timothy E. Holy
Kelly R. Monk

Regulation of Early Zebrafish Embryogenesis by Calcium Signaling and Dachsous1b Cadherin
by
Jiakun Chen

A dissertation presented to
The Graduate School
of Washington University in
partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

December 2017
St. Louis, Missouri

© 2017, Jiakun Chen

Table of Contents
List of Figures ................................................................................................................................. v
List of Tables ................................................................................................................................ vii
Acknowledgments........................................................................................................................ viii
Abstract .......................................................................................................................................... ix
Chapter 1: Illuminating Gastrulation through Advances in Imaging.............................................. 1
1.1 Summary ............................................................................................................................... 1
1.2 Introduction ........................................................................................................................... 2
1.3 Gastrulation movements at the whole embryo and germ layer levels .................................. 6
1.4 Cell behaviors driving large-scale gastrulation movements ............................................... 14
1.4.1 Apical constriction ....................................................................................................... 14
1.4.2 Adherens junction shifting ........................................................................................... 15
1.4.3 Cell thinning and expansion......................................................................................... 16
1.4.4 Cell division ................................................................................................................. 16
1.4.5 Cell intercalation .......................................................................................................... 18
1.5 Molecular mechanisms underlying the gastrulation cell behaviors .................................... 21
1.5.1 Intracellular distribution and interactions of molecules involved in gastrulation
movements ............................................................................................................................ 21
1.5.2 Force generation and transmission involved in generating the cell movements ......... 25
1.6 Technological advances that synergize with the imaging methods in studies of gastrulation
................................................................................................................................................... 27
1.6.1 Embryo culture and in vitro ESC culture methods ...................................................... 27
1.6.2 Automated imaging analyses ....................................................................................... 30
1.6.3 Genomic engineering tools for in vivo fluorescent labeling ........................................ 32
1.7 Outlook ............................................................................................................................... 33
1.8 Objectives of this thesis work ............................................................................................. 34
Chapter 2: Imaging Early Embryonic Calcium Activity with GCaMP6s Transgenic Zebrafish . 36
2.1 Abstract ............................................................................................................................... 37
2.2 Introduction ......................................................................................................................... 38
ii

2.3 Results ................................................................................................................................. 41
2.3.1 Generation and characterization of Tg[βactin2:GCaMP6s]stl351 and
Tg[ubi:GCaMP6s]stl352 transgenic zebrafish ........................................................................ 41
2.3.2 In vivo imaging of Ca2+ activities during cleavage stage in
Tg[βactin2:GCaMP6s]stl351/stl351 embryos ............................................................................ 46
2.3.3 In vivo imaging of Ca2+ activities in Tg[βactin2:GCaMP6s]stl351/stl351 blastulae......... 49
2.3.4 Comparison of EVL Ca2+ transients during blastula and gastrula stage ...................... 53
2.3.5 Characterization of EVL Ca2+ activities in ventralized and dorsalized embryos ........ 57
2.3.6 Characterization of dorsal forerunner cell Ca2+ activity in
Tg[bactin2:GCaMP6s]stl351/stl351 ........................................................................................... 62
2.4 Discussion ........................................................................................................................... 67
2.5 Materials and Methods ........................................................................................................ 74
2.6 Author Contributions .......................................................................................................... 78
2.7 Acknowledgements ............................................................................................................. 78
Chapter 3: Dachsous1b Regulates Embryonic Cleavages and Microtubule Dynamics through
Interaction with Ttc28 ................................................................................................................... 79
3.1 Abstract ............................................................................................................................... 80
3.2 Introduction ......................................................................................................................... 80
3.3 Results ................................................................................................................................. 83
3.3.1 Loss of dchs1b results in cleavage furrow progression defects ................................... 83
3.3.2 Dchs1b promotes microtubule dynamics during embryonic cleavages ....................... 88
3.3.3 Dchs1b physically interacts with Ttc28 ....................................................................... 91
3.3.4 Dchs1b regulates Ttc28 subcellular distribution.......................................................... 98
3.3.5 Excess Ttc28 disrupts embryonic cleavages and reduces microtubule dynamics ..... 101
3.3.6 ttc28 genetically interacts with dchs1b to regulate microtubule dynamics ............... 103
3.4 Discussion ......................................................................................................................... 110
3.5 Methods............................................................................................................................. 115
3.6 Author contributions ......................................................................................................... 120
3.7 Acknowledgements ........................................................................................................... 120
Chapter 4: Chemokine Ligand Ccl19a.1 is Required to Limit Maternal Wnt/β-catenin Activity
for Proper Axial Patterning in Zebrafish .................................................................................... 121
iii

4.1 Introduction ....................................................................................................................... 121
4.2 Results ............................................................................................................................... 127
4.2.1 Generation and characterization of ctnnb1/2 mutants in zebrafish ............................ 127
4.2.2 Mild dorsalization phenotype in MZccl19a.1 mutants .............................................. 131
4.2.3 Mis-regulated dorsoventral patterning genes in MZccl19a.1 mutants ...................... 133
4.2.4 ccl19a.1 genetically interacts with ichabod/ctnnb2 ................................................... 134
4.2.5 Zygotic function of Ccl19a.1 ..................................................................................... 138
4.2.6 Generation of mutations in ccl19s paralogs ............................................................... 140
4.3 Discussion ......................................................................................................................... 142
4.3.1 Additional regulators downstream of Ccl19a.1 in axial patterning ........................... 143
4.3.2 Redundant function of other ccl19 genes................................................................... 143
4.3.3 Ctnnb1/2 is required for axial patterning and gastrulation movements ..................... 144
4.4 Materials and Methods ...................................................................................................... 146
Chapter 5: Discussion ................................................................................................................. 149
5.1 Dynamic calcium signaling in embryogenesis ................................................................. 151
5.2 Dchs1b controls microtubule dynamics during embryonic cleavages .............................. 153
5.3 Ccl19a.1 is required to modulate dorsoventral patterning activity ................................... 156
References ................................................................................................................................... 158
Appendix A. Efficient homologous recombination-mediated genome engineering in zebrafish
using TALE nucleases ................................................................................................................ 184
Appendix B. Dachsous1b cadherin regulates actin and microtubule cytoskeleton during early
zebrafish embryogenesis ............................................................................................................. 197

iv

List of Figures
Figure 1.1 Schematic of gastrulation movements in different animal models. .............................. 5
Figure 1.2 Large-scale gastrulation movements revealed by light-sheet microscopy in diverse
animal organisms. ................................................................................................................. 13
Figure 1.3 Diverse cell behaviors underlie the gastrulation movements. ..................................... 20
Figure 1.4 Schematic of zebrafish early embryogenesis and the hypothesized role of calcium
signaling, atypical cadherin Dchs1b, and chemokine ligand Ccl19a.1 during this process. 35
Figure 2.1 GCaMP6s expression and fluorescence in Tg[βactin2:GCaMP6s]stl351/stl351 and
Tg[ubi:GCaMP6s]stl352/stl352 transgenic zebrafish during early embryogenesis. .................. 44
Figure 2.2 Quantification of GCaMP6s DNA copy number. ....................................................... 45
Figure 2.3 Dynamics of Ca2+ signaling in Tg[βactin2:GCaMP6s]stl351/stl351 embryos at cleavage
and blastula stages................................................................................................................. 48
Figure 2.4 Comparison of EVL calcium transients in wnt5b-misexpression embryos. ............... 52
Figure 2.5 Dorsal bias of the EVL Ca2+ transients from midblastula to late blastula stage. ........ 56
Figure 2.6 EVL Ca2+ signaling pattern in ventralized and dorsalized embryos. .......................... 60
Figure 2.7 Comparison of calcium transient numbers in WT and mutants. ................................. 61
Figure 2.8 Excess Nodal signaling prolongs Ca2+ transient duration specifically in the DFCs. .. 66
Figure 3.1 Disrupted embryonic cleavages in MZdchs1b. ........................................................... 85
Figure 3.2 Cleavage defects in MZdchs1b and abnormal cleavage furrow-associated calcium
activities after Aurora B inhibition in WT. ........................................................................... 87
Figure 3.3 Midzone microtubule assembly and YCL microtubule dynamics defects in
MZdchs1b. ............................................................................................................................ 90
Figure 3.4 Identification of Ttc28 as a Dchs1b binding protein. .................................................. 94
Figure 3.5 Dchs1b interacts with the N-terminal TPR motifs of Ttc28 via its ICD CM2-N motif.
............................................................................................................................................... 96
Figure 3.6 Deletion mapping to identify the binding regions of Dchs1b and Ttc28. ................... 97

v

Figure 3.7 Dchs1b regulates Ttc28 subcellular localization. ........................................................ 99
Figure 3.8 Ttc28 is recruited by Dchs1b to the plasma membrane through its N-terminal TPR
motifs. ................................................................................................................................. 100
Figure 3.9 Ttc28 is sufficient to influence embryonic cleavages and YCL microtubule dynamics.
............................................................................................................................................. 102
Figure 3.10 Ttc28 is required to regulate YCL microtubule dynamics. ..................................... 106
Figure 3.11 ttc28 mutants exhibit normal furrow calcium activities during cleavage stage. ..... 107
Figure 3.12 Analyses of YCL microtubule dynamics in Tg[βactin2:EMTB-3xGFP] transgenic
background.......................................................................................................................... 108
Figure 3.13 Ttc28 is required for limiting midzone microtubule assembly activity. ................. 109
Figure 4.1 Schematic of the canonical Wnt signaling and Ccr7-mediated calcium signaling in
regulation of β-catenin. ..................................................................................................... 124
Figure 4.2 Characterization of ctnnb1 and ctnnb2 function in zebrafish embryogenesis. .......... 130
Figure 4.3 MZccl19a.1 mutants exhibit mild dorsalized phenotypes. ........................................ 132
Figure 4.4 Dorsal and ventral cell fate genes are mis-regulated in MZccl19a.1 mutants. ......... 136
Figure 4.5 Genetic interaction between ccl19a.1 and ichabod/ctnnb2. ...................................... 137
Figure 4.6 Zygotic Wnt signaling is not regulated by Ccl19a.1. ................................................ 139
Figure 4.7 ccl19s mutants generated by TALENs. ..................................................................... 141
Figure 5.1 Regulation of early zebrafish embryogenesis by calcium signaling, Dchs1b cadherin,
and chemokine ligand Ccl19a.1. ......................................................................................... 150

vi

List of Tables
Table 2.1: Nucleotide sequences of primers ..................................................................................76
Table 3.1: Nucleotide sequences of qPCR primers .....................................................................119
Table 4.1: Nucleotide sequences of qPCR primers .....................................................................147

vii

Acknowledgments
First and foremost, I would like to thank my mentor Dr. Lilianna Solnica-Krezel for her support
and guidance. It is undoubtedly a great PhD experience for me under her mentoring. I appreciate
her patience and encouragement to train me and teach me to be a scientist. I would also like to
thank my committee Dr. John Cooper, Dr. Michael Bruchas, Dr. Tim Holy, and Dr. Kelly Monk
for their insightful discussions and scientific critiques. I thank all the previous and current LSK
lab members for their thoughtful discussions, suggestions, and support. Particularly, I would like
to thank Jimann Shin for guiding me during my rotation, thank Haiting Ma and Yinzi Liu for
their assistance in the lab and outside the lab, and thank Jade Li and Gina Castelvecchi for great
collaborative effort. Thank you everyone in the LSK lab over the years. Finally, I would like to
thank my parents, my wife and my daughter for their understanding, support and unconditional
love.

Jiakun Chen
Washington University in St. Louis
December 2017

viii

ABSTRACT OF THE DISSERTATION
Regulation of Early Zebrafish Embryogenesis by Calcium Signaling and Dachsous1b Cadherin
by
Jiakun Chen
Doctor of Philosophy in Biology and Biomedical Sciences
Molecular Cell Biology
Washington University in St. Louis, 2017
Professor Lilianna Solnica-Krezel, Chair
Professor John A. Cooper, Co-Chair

Early animal embryogenesis entails a dynamic combination of embryonic cleavages,
axial patterning, and gastrulation movements to shape a basic body plan. The underlying
molecular signaling responsible for regulating this process remains poorly understood. In this
thesis work, I first review recent progress in understanding of gastrulation movements in various
model organisms brought by advances in imaging techniques. The externally developing and
optically translucent zebrafish embryo is an ideal model organism to study vertebrate embryonic
development by in vivo imaging. The objective of my thesis research is to leverage experimental
advantages in the zebrafish model to uncover novel regulators and elucidate the molecular
mechanisms involved in early vertebrate embryogenesis. Calcium signaling has been implicated
in the control of many aspects of embryonic development. However, the spatiotemporal
dynamics of calcium signaling during embryogenesis are not well characterized. By generating
stable transgenic zebrafish lines ubiquitously expressing GCaMP6s, a genetically encoded
calcium indicator, I demonstrated higher activities of calcium signaling during cleavage and

ix

blastula stages compared to previous reports. In addition, I showed that superficial dorsal-biased
calcium signaling during blastula and gastrula stages was strongly correlated with and dependent
on the dorsal organizer establishment. In the developing gastrulae, I directly visualized calcium
activity in the dorsal forerunner cells and showed it was modulated by Nodal signaling in a cell
non-autonomous manner. The GCaMP6s transgenic lines revealed with unprecedented
spatiotemporal resolution the dynamic calcium signaling during early zebrafish embryogenesis
and provide a superior tool for future studies.
In zebrafish, mutations in atypical cadherin dachsous1b/dchs1b cause pleiotropic
embryonic defects, including abnormal cleavages. Using the GCaMP6s transgenic reporter to
examine the furrow-associated calcium activity in zebrafish dchs1b mutants, I showed that
abnormal cleavages in dchs1b mutants were due to furrow progression defects during
cytokinesis. These defects were likely caused by misregulated microtubules, as in vivo imaging
of fluorescently marked microtubules during cleavage stages revealed reduced microtubule
dynamics and impaired midzone microtubule assembly in dchs1b mutants. I further identified
Ttc28 cytoplasmic protein as a molecular link between Dchs1b and microtubule dynamics. My
biochemical experiments revealed that Dchs1b physically interacts via its intracellular domain
with the tetratricopeptide repeat domain of Ttc28, and controls its subcellular distribution.
Moreover, genetic inactivation of ttc28 resulted in increased microtubule dynamics and
suppressed the microtubule defects in dchs1b mutants, suggesting a mechanism through which
Dchs1b controls embryonic cleavages.
In the last part of my thesis, I aimed to determine whether the chemokine ligand
Ccl19.a1, a potential upstream regulator of calcium signaling, is required for axial patterning in
zebrafish. I demonstrated that TALEN-generated ccl19a.1 mutations produce mildly dorsalized

x

phenotypes and partially suppress the ventralized ichabod/ctnnb2 mutant phenotypes to influence
axis formation, providing a genetic evidence for Ccl19.1 acting as a negative regulator of βcatenin and axis formation. Together, my work make several advances in understanding early
vertebrate embryogenesis: it characterizes dynamic calcium signaling during zebrafish
embryogenesis with a superior spatiotemporal resolution, reveals that Dchs1b regulates
microtubule dynamics and embryonic cleavages by interacting with Ttc28 and regulating its
subcellular distribution, and provides genetic evidence that Ccl19a.1 is necessary to limit βcatenin activity and consequently axis formation in zebrafish.
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1.1 Summary
Gastrulation is a fundamental process during early animal development that results in the
formation of three germ layers and shapes them into a blueprint of body plan through the
coordination of cell proliferation, specification and rearrangement. Current innovations in live
imaging and automated image analysis methods along with the recently developed in vitro
embryo culture methods have advanced our understanding of the developmental processes
preceding gastrulation, as well as gastrulation movements in different model organisms at the
levels of whole embryo, cell populations, individual cell behaviors and intracellular processes.
Here we review recent studies that uncover novel cellular mechanisms during gastrulation, and
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newly developed methods that facilitate our understanding of this fundamental and fascinating
developmental process.

1.2 Introduction
During animal embryogenesis, the body plan emerges via a complex sequence of cell
proliferation, cell signaling, and cell movement events. Following egg fertilization, the initial cell
divisions and cell signaling processes establish the embryonic axes, extraembryonic structures,
and germ layers, from which the embryo proper will form. Gastrulation is the next critical
process that restructures a ball or sheet of largely uniform and pluripotent blastomeres into three
germ layers: ectoderm, mesoderm, and endoderm, which are then shaped into a basic body plan
through four major morphogenetic movements, including internalization, epiboly, convergence,
and extension (Solnica-Krezel and Sepich, 2012). Internalization, or emboly, brings the
prospective mesoderm and endoderm cells beneath the future ectoderm. Epiboly movements lead
to spreading and thinning of germ layers. Whereas concurrent convergence and extension
movements narrow germ layers mediolaterally while elongating them along the anteroposterior
(AP) axis. These morphogenetic movements and their underlying molecular pathways have also
been implicated in other aspects of animal development. For instance, convergence and
extension are involved in neural tube closure, kidney tubule, and cochlea elongation (Karner et
al., 2009; Lienkamp et al., 2012; Nishimura et al., 2012; Wang et al., 2005). A better
understanding of these morphogenetic movements and their underlying mechanisms during
gastrulation could provide insights into human birth defects and diseases, such as spina bifida
and cystic kidney disease.
The hallmark of gastrulation is its dynamic and complex nature, as the gastrulation
movements are concurrent with one another, and with patterning of the germ layers and their
2

differentiation into specific cell types. Untangling this complexity requires efficient forward and
reverse genetics methods, as well as in vivo imaging. Consequently, various model organisms
that offer these experimental advantages have been used to study gastrulation, and we briefly
discuss some of the model animals as an introduction for the following sections.
Before the onset of gastrulation, the Drosophila embryo consists of a single-layer of
blastoderm epithelium that forms an elongated, football-shape morphology. Prospective
mesodermal cells are specified on the ventral side of the embryo, and subsequently are
internalized through the ventral furrow (Fig. 1.1A). In the zebrafish embryo, cleavages produce a
mound of blastomeres atop large yolk cell. Epiboly movements that spread blastomeres around
the yolk cell are initiated, as the mesendodermal precursors start to be specified at the blastoderm
margin and later move inward, while the ectodermal precursors remain at the outside of the
embryo (Fig. 1.1B). Similar organization of prospective germ layers can be observed in the frog
embryo as well (Fig. 1.1C). The ectodermal and endodermal precursors occupy the most animal
and vegetal regions of the frog embryo, respectively, and mesodermal precursors are located in
between these two germ layers around the equator. At the beginning of gastrulation in the frog,
mesendodermal precursors are internalized via the blastopore on the dorsal side of the embryo.
In amniotes, the monolayer epiblast functions as the blastoderm to give rise to the three germ
layers, and prospective mesodermal and endodermal cells are internalized via the primitive
streak, the blastopore equivalent in these organisms (Fig. 1.1D-F). However, the epiblast exhibits
different shapes at the initiation of gastrulation: in chick embryo and most of mammals, the
epiblast acquires a flat disk shape, while in rodents, such as mouse embryo, the epiblast develops
as a cup-shaped structure before gastrulation. Despite the different morphologies these animals
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develop, the four major gastrulation movements have been ascribed to participate in their
gastrulation processes (Solnica-Krezel and Sepich, 2012).
Here we first review progress made over recent decades in the understanding of
gastrulation morphogenesis across germ layers or the entire embryo in different model
organisms, with particular emphasis on studies using advanced live imaging. We then review
distinct cell behaviors uncovered that drive diverse gastrulation morphogenetic movements in
various model systems, as well as molecular and mechanical mechanisms underlying these
processes. We also provide an update on recently developed methods of in vitro embryo culture,
automated analysis algorithm, and genome editing tools that could further advance our
mechanistic understanding of this dynamic and critical developmental process.

4

Figure 1.1 Schematic of gastrulation movements in different animal models.
(A) In Drosophila, the prospective mesoderm in the ventral side is shown at the onset of
gastrulation.
(B,C) Cross section of zebrafish and frog embryos during gastrulation.
(D-F) Schematic of chick, mouse, and human embryos at gastrulation.
D, dorsal; V, ventral; A, anterior; P, posterior; prospective mesoderm or mesendoderm (orange);
ectoderm (blue).
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1.3 Gastrulation movements at the whole embryo and germ
layer levels
Gastrulation entails a combination of different morphogenetic processes that involve individual
cells or cell collectives and occur in a coordinated manner. While previous studies have
emphasized how each morphogenetic movement or individual cell population is regulated, it is
not quite understood how they are integrated spatiotemporally to generate a basic body plan.
This is mostly due to the lack of advanced imaging techniques to examine multiple events/cell
populations simultaneously. Light sheet microscopy makes such large-scale live imaging
possible due to the high-speed imaging and low phototoxicity features (Huisken et al., 2004). To
enable the recording of live embryos throughout gastrulation, three-dimensional imaging of up to
millimeter scale samples needs to be carried out for hours to days. Light-sheet microscopy, such
as selective plane illumination microscopy (SPIM), illuminates samples with a sheet of light at a
single plane, which dramatically reduces photo energy load through optical sectioning, and this
approach in turn allows one to image live samples for a longer period of time (Huisken et al.,
2004). For instance, time-lapse imaging the embryogenesis for several hours to 1 day has been
accomplished for entire Drosophila and zebrafish embryos (Huisken et al., 2004; Keller et al.,
2008). Moreover, subsequently developed light sheet-based multiview imaging enables imaging
fast cellular events at higher temporal resolution (Tomer et al., 2012), and the combination of
two-photon imaging with light sheet microscopy (2P-SPIM) provides better resolution for deeptissue imaging (Truong et al., 2011). Thus, the advances in light-sheet microscopy techniques
offer great opportunity to investigate gastrulation movements at a large-scale tissue level. Further
technical details about these imaging methods can be found in excellent recent reviews (Keller,
2013; Liu and Keller, 2016). In this section, we review advances in the understanding of
gastrulation at the tissue-level dynamics afforded by these methods.
6

In Drosophila, gastrulation is initiated by the invagination of the mesoderm precursors
containing epithelium on the ventral side of the embryo. It is mediated through the apical
constriction of the ventral mesodermal cells, followed by the internalization of the peripheral
mesodermal cells to eventually form the ventral furrow. Based on genetic studies, it has been
proposed that the driving force responsible for ventral furrow formation is generated cell
autonomously within the ventral mesoderm epithelial cells, and the behavior of dorsal and lateral
ectoderm does not contribute to the furrow formation (Leptin and Grunewald, 1990). Loss of two
zygotic transcriptional factors Snail and Twist, which are expressed exclusively in ventral furrow
cells, results in the transformation of mesoderm to ectoderm and prevents furrow formation
(Leptin and Grunewald, 1990; Nusslein-Volhard et al., 1984; Simpson, 1983; Sweeton et al.,
1991). However, it remains unclear whether the dorsal and lateral ectodermal cells influence the
process of mesoderm internalization, in particular the deepening of ventral furrow. In silico
models suggest that ectodermal forces could also contribute to furrow formation (Conte et al.,
2009; Conte et al., 2012). Using multiview-SPIM, Rauzi and colleagues showed that the dorsal
and lateral ectodermal cells behave differently in response to the invagination of ventral
mesodermal cells, with the lateral cells moving ventrally while the dorsal cells are stretched
along the DV axis (Fig. 1.2A) (Rauzi et al., 2015). Whereas the ventral movement of the lateral
cells is correlated with mesoderm internalization, it is still observed in snail twist double mutants
that fail to form ventral furrow, suggesting an independent activity of the lateral cells.
Interestingly, immobilizing the lateral cells by exposing them to an infrared femtosecond laser
leads to delayed furrow invagination and deepening, implying a coordinated movement between
the lateral ectodermal cells and ventral mesodermal cells is necessary for the proper furrow
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internalization. In addition, the stretching of dorsal ectodermal cells and the shifting of lateral
ectodermal cells resemble epiboly movements in other model systems.
Soon after the initiation of mesoderm invagination in Drosophila, the germ-band begins
to extend along the AP axis through the process of convergence and extension. Germ-band
extension (GBE) is largely driven via cell intercalation within the epithelia and also by cell shape
changes that are a passive response to extrinsic tensile forces that deform the germ band (Bertet
et al., 2004; Butler et al., 2009; Irvine and Wieschaus, 1994). Such extrinsic pulling forces were
proposed to originate from other morphogenetic movements, implicating the necessity to study
the coordinated interactions between different cell populations. Recent advances in whole
embryo imaging with SPIM have facilitated the study of this process. Mesoderm invagination,
which occurs concomitantly with GBE, was considered to provide the mechanical force, as
evidenced by the decreased rates of cell shape and cell intercalation strains at the initial phase of
GBE in twist mutant embryos (Butler et al., 2009). However, given the lack of a significant GBE
defect phenotype in twist mutants, it is likely that additional extrinsic forces are involved and
play a more dominant role. Recent studies identified endoderm invagination as the source of this
hypothesized mechanical force (Collinet et al., 2015; Lye et al., 2015). Temporal mapping of the
morphogenetic movements with SPIM revealed that the posterior midgut invagination is
temporally highly correlated with the onset of GBE (Lye et al., 2015), and the mechanical
tension along the AP axis was decreased in mutants lacking posterior midgut (Collinet et al.,
2015). Together, these observations indicate that tissue-level pulling forces generated by
posterior midgut invagination and mesoderm invagination participate in GBE during Drosophila
gastrulation (Fig. 1.2B).
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At the onset of gastrulation in zebrafish, prospective mesendodermal cells residing at the
blastoderm margin begin to internalize beneath the ectodermal precursors. Several studies have
demonstrated that the internalization process varies regionally across the blastoderm margin (Fig.
1.2C). In the dorsal region, mesendodermal progenitors ingress as individual cells and
subsequently move toward the animal pole (Carmany-Rampey and Schier, 2001; Montero et al.,
2005; Sepich et al., 2005; Shih and Fraser, 1995); while in the ventral region, mesendodermal
progenitors internalize in a synchronous manner, and move toward animal pole initially but later
change direction to migrate toward the vegetal pole (Keller et al., 2008). Whereas the process of
internalization was previously considered to occur continuously during epiboly (Warga and
Kimmel, 1990), Keller and colleagues demonstrated that mesendoderm internalization proceeds
in a single “embolic wave” event (Keller et al., 2008). With multiview in vivo imaging, which
enabled recording and tracking each individual cell of the whole embryo throughout early
embryogenesis, it was shown that one third of the embryonic cells start to internalize at 40%
epiboly, but no additional cells move inward 2 hours later, thus suggesting it is not a continuous
process as previously assumed (Fig. 1.2C) (Keller et al., 2008).
Although endoderm progenitors internalize in a similar manner as mesoderm progenitors
in zebrafish, they exhibit different cell behaviors following internalization. In contrast to the
directed migration of mesodermal cells, endodermal cells initially disperse over the yolk cell
surface by a random walk movement and later switch to convergence movements after
midgastrulation. The random walk movement of endodermal cells is a cell-autonomous behavior
induced by Nodal signaling (Pezeron et al., 2008). These early gastrulation movements of
endodermal cells are also guided by extrinsic cues originating from the neighboring mesoderm,
and Cxcl12/Cxcr4 G protein-coupled receptors (GPCR) signaling has been implicated in the
9

regulation of this process (Mizoguchi et al., 2008; Nair and Schilling, 2008). In these studies, it
was shown that cxcl12b is expressed in mesodermal cells while cxcr4a encoding its GPCR
receptor is expressed in endodermal cells during gastrulation, thus suggesting chemokine
signaling regulates mesoderm-endoderm interactions. However, different mechanisms have been
proposed to contribute to the regulation of endoderm migration. It remains controversial whether
it is chemotaxis or the tethering function downstream of Cxcl12/Cxcr4 signaling responsible for
the convergence movement of endodermal cells. To address this question, Schmid et al.
employed SPIM to image the entire endoderm at high spatiotemporal resolution during
gastrulation in both wild type and cxcr4a morphant embryos (Schmid et al., 2013). Surprisingly,
they found the directionality of endodermal cell flows toward the dorsal midline in cxcr4a
morphant was similar to that observed in wild-type gastrulae, suggesting Cxcr4a is unlikely to
mediate chemotactic endoderm migration during gastrulation. Instead, by overlaying the cell
densities of entire endoderm across gastrulation stage, it is evident that the displacement of
endodermal cells in cxcr4a morphant toward the animal pole is greatly increased compared to
WT embryos, consistent with previous observations and providing support for the endoderm
tethering model of Cxcl12/Cxcr4a function (Nair and Schilling, 2008). In this case, imaging and
analyzing the entire endodermal population with SPIM helped to address how the involved
molecules function in collective cell interactions and movements.
In the chick embryo, the initiation of primitive streak formation is preceded by largescale polonaise movements (Fig. 1.1D) (Graper, 1929; Wetzel, 1929), and different cell
behavior-based models have been proposed to account for these movements (Solnica-Krezel and
Sepich, 2012). One of the models suggests that mediolateral cell intercalation powered by
Wnt/Planar cell polarity signaling is important for positioning and initiating the primitive streak
10

at the posterior midline of the epiblast (Voiculescu et al., 2007). By empolying light-sheet
microscopy to image the developing epiblast with a membrane-labeled transgenic line, it was
shown that the initiation of primitive streak formation is associated with large-scale midline
convergence of prospective mesendodermal cells in the posterior area of the epiblast (Rozbicki et
al., 2015). Live imaging revealed that the initial sickle-shaped mesendoderm population
rearranges to contract toward the midline, and the contraction subsequently drives the ingression
of mesendodermal cells and the extension toward the anterior direction (Fig. 1.2D). At the
beginning of streak formation, cells within the mesendoderm population were found to form
aligned junctions in the direction of contraction, and later start to exert junctional contraction to
intercalate with each other or ingress inward (Fig. 1.2D). Together, through light-sheet imaging,
it was demonstrated that active cell shape changes and cell intercalation indeed contribute to the
primitive streak formation in chick embryos.
By contrast, the formation of primitive streak in mouse embryo does not appear to entail
obvious large-scale cell rearrangements, convergence and extension movements, or coordinated
cell migration in the epiblast prior to the primitive streak formation (Williams et al., 2012).
Rather, live imaging studies posit that the primitive streak forms via in situ epithelialmesenchymal transition, and subsequently, ingression of epiblast-derived mesoderm and
definitive endoderm along the proximal-distal axis. Despite the in situ ingression of
mesendodermal cells in mouse, recent studies have uncovered interesting cell movements of the
surrounding visceral endoderm cells. Whereas visceral endoderm was previously thought to give
rise to largely extraembryonic tissues, such as the anterior visceral endoderm, recent genetic
labeling and live-imaging studies demonstrated that the visceral endoderm, instead of being
displaced completely by the definitive endoderm, is incorporated to form the presumptive gut
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endoderm via intercalation with the egressed epiblast-derived definitive endoderm cells, thus
suggesting a novel germ layer segregation behavior during gastrulation (Kwon et al., 2008;
Viotti et al., 2014).
Taken together, these in vivo imaging studies revise some of the models of gastrulation
movements deduced from analyses of histological sections, or in vivo analyses of small cell
populations, and begin to unravel interesting interactions of morphogenetic movements of
different tissues during gastrulation. The fast progress of light-sheet microscopy technology in
recent years also ensures the potential of high spatial resolution, rapid speed, and high penetrance
imaging for our understanding of gastrulation morphogenesis (Capoulade et al., 2011; Gao et al.,
2012; Krzic et al., 2012; Planchon et al., 2011; Tomer et al., 2012; Truong et al., 2011).
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Figure 1.2 Large-scale gastrulation movements revealed by light-sheet microscopy in
diverse animal organisms.
(A) Coordinated dorsal and lateral ectoderm movements during ventral furrow formation in
Drosophila.
(B) Posterior midgut invagination provides the external force for germ band extension behaviors.
(C) Internalization of prospective mesendoderm occurs as an embolic wave, but displays
regional different invagination behaviors.
(D) Large scale cell intercalation and apical constriction drive the primitive streak formation in
chick.
Abbreviation: An, animal; Vg, vegetal; V, ventral; D, dorsal.
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1.4 Cell behaviors driving large-scale gastrulation
movements
During gastrulation, individual cells must actively reorganize and/or mechanically respond to
diverse cues to participate in morphogenetic movements. Different cell behaviors, such as cell
shape changes, cell divisions, cell rearrangements, and cell migrations, serve as the basic tools
driving precise tissue-level gastrulation movements. Exploring and characterizing how these cell
behaviors are molecularly specified and executed are therefore essential for our understanding of
gastrulation. In this aspect, conventional laser scanning microscopy provides the state-of-the-art
approach for investigating cell behavior dynamics in the developing gastrula. Confocal
microscopy has been widely applied to image morphogenesis of different model animals,
especially spinning-disk confocal microscopy, which is capable of imaging samples at a higher
acquisition rate and for relatively long periods of time (Behrndt et al., 2012; Bosveld et al., 2012;
Giurumescu et al., 2012; Trichas et al., 2012). In addition, two-photon laser scanning microscopy
uses long-wavelength light for excitation only in the focal plane, and thus endows the capacity to
image deeper tissues or more opaque samples (Denk et al., 1990; Mahou et al., 2012; McMahon
et al., 2008; Wang et al., 2012). Here we review recent data using live imaging to study cell
behaviors that drive the gastrulation movements in various model organisms described above.

1.4.1 Apical constriction
Apical constriction is widely employed by cells within an epithelial tissue to drive the process of
internalization. It is particularly well studied during Drosophila mesoderm invagination, during
which process the ventral epithelial cells shrink their apical surfaces in a manner that leads to the
bending and displacement of these population toward the inside of the embryo (Leptin and
Grunewald, 1990). Concurrent with shrinking their apical surfaces, these epithelial cells also
elongate down their apicobasal axes, shift the nuclei basally, and expand the basal surfaces (Kam
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et al., 1991; Sweeton et al., 1991). However, the nuclear position shifting and cell elongation are
considered to be a passive response to the narrowing of the cell apices, therefore implicating the
apical constriction as the underlying force. The apical constriction in turn is powered by a
dynamic contraction of the actin-myosin network (Fig. 1.3A). In the ventral mesodermal cells,
actin forms a meshwork in the apical cortex and circumferential belts abut adherens junctions.
Live imaging revealed that myosin is highly dynamic at the apical cortex, undergoing cycles of
contraction and relaxation, termed pulsed myosin coalescence (Martin et al., 2009). In addition,
this apical myosin coalescence is more significantly correlated with apical constriction than
myosin at the junction regions, suggesting contractions of actomyosin meshwork at the apical
cortex rather than the circumferential actin-myosin network are driving the constrictions.

1.4.2 Adherens junction shifting
Besides apical constriction, little is known about whether additional cell shape changes behaviors
could underlie epithelial folding. Recent studies by Wang et al. revealed an alternative
mechanism for epithelial folding during Drosophila gastrulation (Wang et al., 2012). Dorsal fold
formation is an epithelial folding process that occurs on the dorsal side of the gastrulating
Drosophila embryo independent of the ventral furrow formation. Two-photon time-lapse
imaging revealed that it begins with stripes of dorsal cells narrowing their apical surfaces and
shortening the cell length, resulting in small cleft formations, which later is followed by the
invagination of neighboring cells to give rise to the dorsal folds (Wang et al., 2012; Wang et al.,
2013b). Contrasting the flattened apical surface generated by apical constriction of the ventral
mesodermal cells, the apical narrowing of dorsal fold cells forms a dome-like structure,
suggesting different mechanisms are involved. Indeed, no obvious pulsed myosin coalescence
was observed during the initiation of dorsal fold formation. In contrast, repositioning of adherens
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junctions from the subapical regions toward basal regions was found to coincide with dorsal fold
formation in the initiating cells, and precede the apical narrowing and cell shortening.
Additionally, molecular manipulations with key regulators important for adherens junction
positioning could influence dorsal fold formation accordingly. In the emerging model, basal
shifting of junction in the dorsal fold initiating cells produces forces that pull the adjacent cells to
bend inward to promote the epithelial folding (Fig. 1.3B) (Wang et al., 2012). It is plausible that
such junctional repositioning mechanisms to initiate epithelial folding may also be employed by
cells with low dynamics of cortical myosin in other model systems.

1.4.3 Cell thinning and expansion
In contrast to aforementioned mechanisms responsible for narrowing cell surfaces to promote
internalization, expansion of the surface area is thought to facilitate tissue spreading during
epiboly movements. During zebrafish gastrulation, the epithelial-like enveloping layer (EVL)
undergoes rapidly expansion of its surface area to spread over the yolk cell. This passive process
is accomplished by pulling forces generated from the yolk syncytial layer (YSL), and leads to
flattening and thinning of individual EVL cells and the elongation of marginal EVL cells along
the spreading axis (Behrndt et al., 2012; Koppen et al., 2006; Lepage and Bruce, 2010; Morita et
al., 2017).

1.4.4 Cell division
Cell division, playing a prominent role in tissue and organ morphogenesis (Lecuit and Le Goff,
2007), has recently emerged as having roles in gastrulation movements (Campinho et al., 2013;
Firmino et al., 2016). During the course of epiboly in zebrafish, quantitative live imaging
revealed that the EVL cells increase the numbers by more than one fold and tend to divide along
the animal-vegetal axis, suggesting a potential role of oriented cell division in promoting EVL
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epiboly. Indeed, blocking cell divisions could slightly reduce EVL epiboly movements
(Campinho et al., 2013). Mechanistically, such oriented cell division is thought to occur due to
tissue tension generated along the animal-vegetal axis, and cell division along the main tension
direction in return releases the tension to allow EVL cells spreading (Fig. 1.3D), as also
suggested in other systems (Legoff et al., 2013; Mao et al., 2013; Wyatt et al., 2015). Thus, this
study proposes that cell division acts in concert with cell surface expansion and cell elongation to
facilitate epiboly.
Cell division has recently been also implicated by live imaging in driving cell
intercalation during primitive streak formation in the chick (Firmino et al., 2016). Whereas
previous studies mostly focused on the posterior region where the primitive streak forms,
Firmino et al. examined cells in the lateral region that are undergoing rotational movements (Fig.
1.3E). They found that upon cell division most of the daughter cells rapidly separate from each
other and intercalate with neighboring cells after the onset of gastrulation. In fact, these cell
division-mediated intercalations account for more than 50% of the cell intercalation events in the
lateral region after gastrulation movements are taking place. Supporting an essential role of cell
division in driving cell intercalation for the polonaise movements, inhibition of cell divisions
strongly reduced cell division-mediated intercalations and abolished rotational movements
(Firmino et al., 2016). Interestingly, against the above tension-oriented cell division in zebrafish
epiboly, cell division in the chick embryo epiblast is an active process that drives cell
rearrangements in an isotropic manner during gastrulation.
During the process of convergence and extension, cell division was considered to be
largely dispensable for normal vertebrate gastrulation. Against this notion, Liu et al. recently
reported that cell proliferation contributes to AP extension of axial mesoderm during gastrulation
17

in zebrafish (Liu et al., 2017). In zebrafish stat3 mutants, it was demonstrated by live imaging
that prolonged cell cycle length could result in decreased cell number at the onset of gastrulation.
The reduction of cell number consequently led to shorter notochord and somites in stat3 mutants,
implicating a role of cell division in axial extension during gastrulation. Cdc25a was identified as
the downstream target of Stat3, and controlled the cell cycle progression. Together, this work
suggests a Stat3/Cdc25a-dependent cell division in promoting axial extension during
gastrulation.

1.4.5 Cell intercalation
Cell intercalation, including radial intercalation and mediolateral intercalation, is an important
contributor to epiboly and convergent extension movements during gastrulation, including the
regulation of zebrafish deep cell thinning during epiboly, Drosophila germ band extension
(GBE), and the axis elongation in vertebrates (Walck-Shannon and Hardin, 2014). In Xenopus
and zebrafish, mesodermal cells first intercalate with each other radially to form a thinner tissue,
and subsequently polarize cell mediolaterally and exhibit bipolar protrusive activity to exert
traction on neighboring cells for convergence and extension (Glickman et al., 2003; Keller, 2002;
Keller et al., 2000; Shih and Keller, 1992a, b). In epithelial cells, the underlying process of cell
intercalation is quite different from that in mesenchymal-like cells. During Drosophila GBE, in
the ventrolateral epidermis, contraction of AP interface adherens junctions results in junction
remodeling and subsequently leads to cells intercalation to extend in the AP direction and narrow
along the DV axis (Bertet et al., 2004; Irvine and Wieschaus, 1994; Rauzi et al., 2010). In
addition to these T1 transitions, multicellular rosette formation at the apical surface could be
observed and is thought to be driven by contraction of AP junctions (Fig. 1.3C). During this
process, a group of 6-11 adjacent GBE cells along the DV axis constricts to form a transient
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rosette, and subsequently resolves along the AP axis to promote AP extension (Blankenship et
al., 2006). Recently, two-photon live imaging revealed that the basolateral side of the cells also
forms a rosette pattern. Contrasting the apical rosette, basolateral rosette formation is driven by
active basolateral protrusions (Sun et al., 2017). Inhibition of basolateral protrusions disrupts
basolateral rosette formation and leads to GBE defects. Interestingly, it is suggested that the
formation of apical and basolateral rosettes is independent from each other (Sun et al., 2017),
thus how these two processes are coordinated remains unclear. Together, these studies propose
an interesting combination of cellular processes along the apicobasal axis underlying GBE (Fig.
1.3C).
Multicellular rosette formation has begun to be implicated in the process of gastrulation
in other model organisms. During primitive streak formation in the chick embryo, rosettes with
actin-rich centers could be detected in the middle of developing primitive streak epiblast, which
will ingress to form new germ layers (Wagstaff et al., 2008). Therefore, it was proposed that
rosette formation within the chick primitive streak might contribute to the internalization of
epiblast during gastrulation. Another example of multicellular rosette formation has been
described in the visceral endoderm of mouse embryo. During anterior visceral endoderm (AVE)
migration, which is essential for the proper specification of AP axis in the mouse embryo, an
increased number of multicellular rosettes in the visceral endoderm was observed by live
imaging (Trichas et al., 2012). It was further suggested that multicellular rosette formation in the
visceral endoderm is required for the coherent AVE migration by mathematical simulation.
Together, these studies suggest cell intercalation involves in several steps of gastrulation
movements.
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Figure 1.3 Diverse cell behaviors underlie the gastrulation movements.
(A) Ratchet-like apical constriction drives the invagination of mesodermal cells in Drosophila.
(B) Dorsal fold formation in Drosophila is mediated through basal shifting of the adherens
junctions.
(C) During germ band extension in Drosophila, different apical and basolateral activities
contribute to the rosette formation.
(D) Tension-oriented cell divisions facilitate zebrafish enveloping layer cell spreading.
(E) Active cell division-mediated cell intercalation in the lateral region is essential for polonaise
movements in chick.
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1.5 Molecular mechanisms underlying the gastrulation cell
behaviors
Initial inroads have been made in elucidating the molecular mechanisms responsible for different
gastrulation cell behaviors. It is now clear that the actomyosin network, cell-cell and cell-matrix
adhesion molecules, and small GTPases are key cell surface and intracellular effectors of these
cell behaviors. Several signaling pathways, including Planar Cell Polarity (PCP) and GPCR
signaling pathways, emerged as conserved upstream regulators. Imaging the dynamics of these
molecules with advanced microscopy has greatly facilitated our understanding of different cell
behaviors. Below, we review recent studies that uncover how these molecules function alone or
in concert with other molecules to mediate various gastrulation cell behaviors, and novel
regulators implicated in this process.

1.5.1 Intracellular distribution and interactions of molecules involved in
gastrulation movements
During Drosophila gastrulation, apical constriction is driven by cycles of assembly and
disassembly of actin-myosin network at the apical surface of ventral mesodermal cells. Pulsed
myosin coalescence constricts F-actin network into medioapical foci and pulls apical surface
adherens junctions inward in a ratchet-like manner (Martin et al., 2009). The transcription factor
Twist is thought to control the apical constriction by regulating Rho1 GTPase-dependent myosin
activities and F-actin dynamics (Barrett et al., 1997; Dawes-Hoang et al., 2005; Kolsch et al.,
2007; Martin et al., 2009). Molecularly, it is known that the Rho-kinase (Rok) acts downstream
of Rho1 to phosphorylate and activate myosin for contractility, while Diaphanous (Dia), another
Rho1 effector, functions to mediate actin assembly (Dawes-Hoang et al., 2005; Grosshans et al.,
2005; Homem and Peifer, 2008). However, it is less understood how these Rho1 effectors are
coordinated with the apical actin-myosin meshwork and adherens junctions to result in apical
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constriction. By examining the dynamic localization of Rok fluorescent fusion protein and
endogenous Dia protein during ventral mesoderm apical constriction, it was recently found that
Rok co-localizes with myosin medioapically while Dia shows a more diffusive distribution
across the apical surface (Mason et al., 2013). Inhibition of Rok activity led to reduced cortical
myosin accumulation and failure in cortical F-actin condensation, though F-actin assembly was
unaffected, suggesting Rok activity is required for myosin-mediated apical actin constriction
(Mason et al., 2013; Vasquez et al., 2014). On the other hand, Dia-mediated actin assembly is
required to restrict E-cadherin distribution to adherens junctions, as dispersed, rather than
restricted to the junctional domain, E-cadherin signals were detected in cells with reduced actin
assembly or in dia mutants. In twist mutants, the medioapical actin meshwork assembly was
defective and Rok showed junctional instead of medioapical localization. Together, it is thought
that medioapically-polarized Rok and Dia-mediated actin assembly are integrated downstream of
Twist to drive apical constriction (Mason et al., 2013).
Interesting interactions between adhesion molecules and actin-myosin network have also
been observed in intercalating cells during Xenopus mesoderm convergence and extension. In the
mediolaterally-elongated axial mesodermal cells, cortical actin is organized into a node-andcable pattern with condensed actin nodes frequently moving mediolaterally within the cells as
they intercalate. Blocking F-actin assembly or inhibiting Myosin IIB activity perturbed cell
polarization and the associated convergent extension, implying that a dynamic actin-myosin
network is essential in this process (Kim and Davidson, 2011; Skoglund et al., 2008). Ccadherin, the predominant cadherin in Xenopus gastrulae, displays a dynamic distribution during
cell intercalations, and often co-localizes with actin nodes at the bipolar lamellipodia regions.
Myosin contractility is important for C-cadherin dynamics, as depleting the regulatory light
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chain (RLC) of Myosin II resulted in diffusive C-cadherin signal and reduced puncta in the
lamellipodia, and cells with such pattern often failed to attach to and exert traction on
neighboring cells (Pfister et al., 2016). It is thus thought that Myosin II-dependent C-cadherin
puncta at the bipolar ends serve as anchor points to transmit actomyosin contraction-generated
force for cell intercalation; a similar role of C-cadherin in force transduction has been described
in other processes (Bjerke et al., 2014; Chen and Gumbiner, 2006). Hence, such a traction-based
cell-crawling mechanism is thought to be responsible for mesenchymal-like cell intercalation.
A different model, similar to junction remodeling that drives convergent extension in
Drosophila epithelial cells, has been proposed to account for mesodermal cell intercalation in
Xenopus axial mesoderm (Shindo and Wallingford, 2014). This model posits that active
shortening of mediolateral interface cell-cell junction contributes to cell intercalation. It is
supported by the evidence that phosphorylated Myosin II (pMyoII) is more enriched in
mediolaterally aligned cell junctions (v-junctions) than in less-mediolaterally aligned cell
junctions (t-junctions). Such v-junction-localized pMyoII could exert contraction to bring cells
together, as laser-cutting experiments demonstrated higher tension in v-junctions than t-junctions
(Shindo and Wallingford, 2014). How is pMyoII specifically confined to mediolateral-aligned vjunctions? It was shown that Septin, a GTP-binding cytoskeletal protein, displayed strong
enrichment at mediolateral cell vertices. Knockdown of septin abolished v-junction enriched
pMyoII and reduced the cortex tension along v-junctions, suggesting a role of cell verticeslocalized Septin in restricting actomyosin contraction within mediolateral-aligned v-junctions
(Shindo and Wallingford, 2014). PCP signaling plays an important role in polarizing mesodermal
cells to drive convergence and extension in vertebrates (Jessen et al., 2002; Wallingford et al.,
2000). Septin localization likely requires normal PCP signaling, as overexpressing dominant
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negative Dishevelled (Dvl), a PCP core component protein, disrupted enrichment of Septin at the
mediolateral vertices (Shindo and Wallingford, 2014). Together, this study proposed a junctionshrinking mechanism that links PCP signaling and compartmentalized cortical actomyosin for
cell intercalation and convergent extension in mesenchymal cells.
Asymmetric localization of PCP proteins is thought to be essential for PCP-mediated cell
polarization and could instruct Septin and actomyosin asymmetries in intercalating cells. In
Drosophila epithelia, discrete subsets of core PCP proteins acquire asymmetric localization to
ensure global tissue polarity establishment and maintenance (Goodrich and Strutt, 2011).
Asymmetric localization of PCP proteins has also been detected in polarized mesenchymal cells
in vertebrates: Prickle-GFP fusion protein (Pk-GFP) is preferentially localized to the anterior cell
membranes (Ciruna et al., 2006; Yin et al., 2008), whereas Dvl is enriched at the posterior cell
membranes (Yin et al., 2008). The transmembrane protein Vangl2 was recently found to
accumulate at cell membrane of gastrula cells just before the initiation of convergence and
extension movements, and later becomes enriched at the anterior cell membranes, consistent with
the anterior localization of Pk-GFP (Roszko et al., 2015; Yin et al., 2008). Compared to
Drosophila, the vertebrate PCP pathway engages additional components during gastrulation. For
instance, Ptk7, a protein tyrosine kinase, is required for PCP-mediated convergence and
extension in zebrafish and mouse (Hayes et al., 2013; Yen et al., 2009). In zebrafish, the
adhesion G protein-coupled receptor Gpr125 has also been implicated to bind to and modulate
Dvl distribution and affect PCP signaling during convergence and extension (Li et al., 2013).
How PCP component asymmetries lead to asymmetric arrangement and activity of actomyosin
cytoskeleton is an important area for future investigations.
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1.5.2 Force generation and transmission involved in generating the cell
movements
As mentioned above, during Drosophila ventral furrow formation, apical constriction is thought
to result in the apicobasal cell elongation of individual mesodermal cells. However, it is unclear
how forces generated at the apical surface account for the subsequent apicobasal cell elongation.
It was hypothesized that basolateral cell membrane-associated cytoskeleton rearrangement gives
rise to the apicobasal cell elongation. In contrast to this view, a recent study proposed that
hydrodynamics of cytoplasmic flow is the main cause for the cell elongation. He et al. injected
fluorescent beads into the cytoplasm of Drosophila embryo and employed a combination of live
imaging with particle tracking velocimetry analyses to track the cytoplasmic flow during
mesoderm invagination. They found that the cytoplasm displays a directional movement along
the ventral midline basally after the initiation of apical constriction. In mutants with reduced
apical constriction rate, the cytoplasmic flow speed shows a corresponding decrease. Most
interestingly, in acellular mutant embryos, which fail to form basolateral membranes, such
cytoplasmic flow is largely comparable to that in wild type. By plotting virtual cells in the
acellular embryos, the apicobasal lengthening process is also similar between wild type and
acellular embryos. Together, it is suggested that the basolateral membrane and perhaps its
associated cytoskeleton reorganization are dispensable for the apical constriction-induced cell
elongation, and it is instead the cytoplasmic flow that mediates the force transmission for this
process (He et al., 2014). The molecular basis of the cytoplasmic flow in the ventral mesodermal
cells of Drosophila gastrulae remains to be determined.
During zebrafish epiboly, the EVL margin is connected with the external YSL, and it is
thought that actomyosin ring in the YSL produces a force pulling the EVL toward the vegetal
pole (Cheng et al., 2004; Koppen et al., 2006). The spatiotemporal dynamics of this actin-myosin
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network during EVL epiboly remained uncharacterized and how the force is generated in this
process was unclear. Imaging Myosin-2-GFP transgenic embryos during epiboly revealed
formation of a broad actomyosin band within the YSL after the initiation of epiboly (40%
epiboly); its width is gradually reduced over the course of epiboly, giving rise to a condensed
ring structure surrounding the EVL margin at 70 to 80% epiboly. As disrupting a small region of
actomyosin ring in the YSL during epiboly blocked epiboly movements of the adjacent EVL
margin locally, it is therefore suggested that circumferential tension generated through the
contraction of actomyosin ring on the spherical yolk cell contributes to the vegetal spreading of
EVL (Behrndt et al., 2012). However, monitoring the actin-myosin network at a higher temporal
resolution using spinning disk confocal microscopy revealed a retrograde actomyosin flow from
vegetal regions of YSL toward the EVL margin. Based on theoretical modeling, it was suggested
that such retrograde flow of actomyosin could lead to a friction force to pull EVL in the opposite
direction of the flow. Interestingly, in embryo deformed into a cylindrical shape to prevent force
generated from the actomyosin ring contraction, the progress of EVL epiboly remained largely
unaffected (Behrndt et al., 2012). Together, these observations led to the current model, whereby
EVL epiboly is driven by force from actomyosin contraction and retrograde flow of actomyosin
in the YSL.
According to the above model, a decrease in cortical tension from EVL margin toward
the vegetal pole in the YSL is necessary to drive the retrograde actomyosin flow. Contrary to this
prediction, a recent study detected higher cortical tension in the vegetal pole than that in the
external YSL (Hernandez-Vega et al., 2017). By employing hydrodynamic regression (HR) to
indirectly infer tissue surface tension, these authors showed that the yolk cortex displays a
tension gradient that increases toward the vegetal pole as epiboly progresses. Laser microsurgery
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and atomic force microscopy experiments corroborated that the yolk cell is stiffer than the EVL
(Hernandez-Vega et al., 2017). This model posits that tissue surface tension differences between
the stiffer yolk cortex and the softer EVL establishes a cortical tension gradient to direct
actomyosin contraction in the YSL toward the vegetal pole. It is further speculated that the role
of the retrograde actomyosin flow is to replenish the dynamic turnover of actomyosin in the YSL
(Hernandez-Vega et al., 2017).

1.6 Technological advances that synergize with the imaging
methods in studies of gastrulation
1.6.1 Embryo culture and in vitro ESC culture methods
In placental mammals, embryos develop within the uterus, making it challenging to image early
development. Advances in culture conditions established recently enabled imaging pre- and postimplantation stage embryos in vitro (Piliszek et al., 2011). Particularly, improved techniques for
culturing human embryos make it possible to investigate the post-implantation human embryo
morphogenesis, the stage previously inaccessible to observation or experimentation. Using in
vitro embryo culture methods, studies in mouse and human have unveiled key process of
morphogenesis from pre- to post-implantation. In addition, new methods for in vitro culture of
human embryonic stem cells (hESCs) to model formation of germ layers during gastrulation
have been described as well.
During peri-implantation mouse development (E4.5-E5.5), the inner cell mass of the
blastocyst undergoes remarkable reorganization to form a cup-shaped structure. It remains
largely unknown how this transition occurs. To image the developing embryo during the
implantation stages in mouse, Zernicka-Goetz and colleagues developed a new in vitro culture
27

system (Bedzhov et al., 2014; Morris et al., 2012). Analyses of embryoid body morphogenesis in
vitro suggested that the cavity formation to achieve the cup-like structure of epiblast is mediated
through programmed cell death (Coucouvanis and Martin, 1995). Against this notion, no
correlation between cell death and cavity formation was observed in mouse embryos developing
in vivo or cultured in vitro (Bedzhov and Zernicka-Goetz, 2014). Instead, live imaging
demonstrated that the epiblast cells reorganize into a rosette-like structure, subsequently forming
a cavity at the center of the rosette. The rosette polarization is orchestrated by signals from the
basal membrane secreted by the surrounding extraembryonic cells. The basal membrane
extracellular matrix components, laminins, signal via the β1-integrin receptor expressed in the
epiblast cells to polarize cells for rosette formation, though the downstream signaling mediated
by β1-integrin remains unclear (Bedzhov and Zernicka-Goetz, 2014).
Mouse embryo implants with specified and segregated epiblast and primitive endoderm,
whereas human embryo is thought to undergo lineage specification at a later stage and possibly
during the peri-implantation stage (Blakeley et al., 2015; Niakan and Eggan, 2013; O'Leary et
al., 2012; Rossant and Tam, 2009). Moreover, the process of implantation in human is suggested
to be quite different from that in mouse. In contrast to the cup-like structure of mouse epiblast,
human embryo generates a disk-shaped epiblast after implantation (Fig. 1). By adopting and
modifying the aforementioned in vitro system for culturing mouse embryos, Shahbazi et al. and
Deglincerti et al. investigated human embryo development in vitro through pre- and postimplantation stages (Deglincerti et al., 2016; Shahbazi et al., 2016). Both groups reported similar
normal progression of the cultured human embryos until about 12-13 days post fertilization, such
as the segregation of primitive endoderm and epiblast, trophectoderm differentiation, bilaminal
disc formation, and amniotic and yolk sac cavity formation. They also confirmed that lineage
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specification between epiblast and primitive endoderm is not fully established until postimplantation in human embryo. Shahbazi and colleagues further suggested the amniotic
cavitation is achieved through radially polarized reorganization of the epiblast, including
formation of cellular rosettes, similar to that they proposed earlier for the mouse embryo
(Bedzhov and Zernicka-Goetz, 2014). Together, these studies developed an in vitro human
embryo culturing system that paves the way for further understanding of human embryo
morphogenesis.
The international agreement on human embryo culture limits studies of human embryo
development in vitro up to 14 days post fertilization, thus just before the initiation of
gastrulation. However, recently developed methods for culturing hESCs on patterned surfaces
have shed light on how to generate extraembryonic and germ layers in a spatially ordered and
reproducible manner (Warmflash et al., 2014). hESCs and human induced pluripotent stem cells
(iPSCs) have been well-harnessed by researchers to differentiate into embryoid bodies that
contain cells of all three germ layers (Chambers et al., 2009; D'Amour et al., 2005; Green et al.,
2011; Kattman et al., 2011; Sullivan et al., 2010; Witty et al., 2014). However, subjecting hESCs
to simultaneously differentiate toward three germ layers often results in heterogeneity and
spatially disordered organization. Several studies have demonstrated that colony and aggregate
size could influence hESC differentiation fate, suggesting a correlation between colony size and
the spatial organization of hESC-derived germ layers (Bauwens et al., 2008; Lee et al., 2009;
Peerani et al., 2007). By seeding hESCs onto ECM micropatterned circles, Warmflash and
colleagues reported that, after BMP signaling activation, hESC circular colonies formed
ectoderm, mesoderm, endoderm, and trophectoderm cells from center to edge in a radial
symmetry pattern (Warmflash et al., 2014). The colony size and cell density are both important
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for correct patterning, as reducing the colony size or cell density disrupts such patterning. In
addition, this spatial-ordered patterning of hESCs seems to occur in a self-organized manner, as
BMP4 treatment is applied uniformly. More recent studies unveil that the polarization of
micropatterned hESC colony and an inhibitory network between BMP4 and NOGGIN are likely
responsible for the self-organizing property (Etoc et al., 2016). Thus, the capability of deriving
human gastruloid in vitro provides another set of tools to model and explore aspects of human
gastrulation.

1.6.2 Automated imaging analyses
The advances in microscopy make urgent the need for development of automated analysis
methods for unbiased interpretation and quantification of live imaging data across the entire
tissues and even at a whole embryo level. One long-standing question in developmental biology
is how cell fate specification and cell movement are coordinated during gastrulation to ensure
normal body plan establishment. In addition to the capacity to image gastrulation morphogenesis
of the entire embryo, such as light-sheet microscopy, robust lineage tracing algorithms for
analyzing and interpreting live imaging data are also required. In C. elegans, due to the invariant
cell lineage specification during embryogenesis, such automated lineage tracing method has been
developed for de novo reconstruction of cell fate mapping from live imaging data (Du et al.,
2014). By employing cell lineage tracing and combinations of tissue-specific marker expression,
Du et al. demonstrated that it is plausible to infer cell fate changes of individual progenitor cells
based on phenotype analysis. As a proof of principle, it was shown that this method could detect
and correlate fate changes of genes with known functions in C. elegans embryogenesis.
Importantly, as this automated analysis algorithm is based on general logic of developmental
genetics, it thus has the potential to be applicable for more complex organisms with variable cell
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lineage (Du et al., 2014). Additional automated approaches have also been reported for analyzing
embryogenesis of more complex organisms, such as fruit fly and zebrafish (Amat et al., 2014;
Olivier et al., 2010; Tomer et al., 2012).
Quantitative analyses of gastrulation morphogenesis also demand advanced
computational approaches to segment cell shape from live imaging data to interpret cell
morphological changes, cell movements, and cell divisions over time. Several advanced
segmentation methods have been described to account for automated cell-shape reconstruction in
different model organisms (Fernandez et al., 2010; Khan et al., 2014; Mosaliganti et al., 2012).
However, due to differences in cell characteristics across different tissues or organisms, it
remains challenging to apply universally these methods for automated segmentation. Real-time
Accurate Cell-shape Extractor (RACE), a recently developed method, has been shown to afford
the ability to generate 3D cell-shape reconstruction in fruit fly, zebrafish, and mouse embryos. It
also possesses the highest accuracy of segmentation without scarifying processing speed in
comparison with previous methods. In addition, by integrating with automated cell tracking
algorithm, it enabled following cell lineages and cell shape dynamics in developing Drosophila
embryos (Stegmaier et al., 2016). Similar combinatorial software for analyzing cell polarity and
dynamics specifically in the epithelial tissues has also been described (Farrell et al., 2017).
During vertebrate embryogenesis, several signaling pathways, such as BMP, Nodal, and
FGF, have been implicated in the regulation of both cell fate specification and cell movements
(Heisenberg and Solnica-Krezel, 2008). With the continued improvements in automated
segmentation and cell tracking methods, it should be therefore possible in the near future to
define function of these molecules in this process with the combination of whole embryo live
imaging and automated analysis methods.
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1.6.3 Genomic engineering tools for in vivo fluorescent labeling
Fluorescent imaging is the predominant method for in vivo analyses of cell behaviors, subcellular
protein dynamics, and signaling pathway activities. Genetically encoded fluorescent proteins,
such as GFP, provide the feasibility to perform time-lapse imaging in a tissue- and/or
developmental stage-specific manner (Shaner et al., 2005). Tagging with a fluorescent protein to
visualize the subcellular localization of a protein of interest, and fluorescent reporters to monitor
intracellular signaling or transcriptional activities in transgenic embryos have been widely
adopted in different model organisms. However, such transgenic tools rely on ectopic
introduction of exogenous genes into genomic loci of the model organisms, which might not
reflect the endogenous dynamics of the proteins or transcriptional activities. Recent advances in
genome editing tools, such as transcription activator-like effector nucleases (TALENs) (Boch et
al., 2009; Moscou and Bogdanove, 2009) and clustered regularly interspaced palindromic
repeats/CRISPR associated (CRISPR/Cas9) (Jinek et al., 2012) systems, make it feasible to
modify any intended genomic loci in different model organisms (Bassett et al., 2013; Bedell et
al., 2012; Friedland et al., 2013; Nakayama et al., 2013; Wang et al., 2013a). Recently, through
double-strand break-mediated homologous recombination, TALENs and CRISPR/Cas9 have
been demonstrated to knock-in fluorescent proteins into endogenous loci for tracking specific
cells or endogenous proteins in zebrafish (Hoshijima et al., 2016; Shin et al., 2014). The
establishment of such methods in zebrafish and other organisms will make it accessible to
monitor the in vivo dynamics of key molecules, such as PCP signaling proteins, involved in
gastrulation morphogenesis.
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1.7 Outlook
In the future, the rapid progress in the field of light-sheet microscopy and the emerging new
generation of optical microscopes will likely continue to improve the spatial and temporal
resolution of live imaging, thus helping to illuminate gastrulation morphogenesis at the wholeembryo scale with more detailed dynamic characteristics. The development and integration of
advanced computational analysis approaches is needed to process and analyze large image data
at a system level. The combination of super resolution imaging and genome editing tools will
allow us to investigate the molecular mechanisms and in vivo dynamics of candidate molecules
driving morphogenetic movements. Exploring novel cell behaviors and biomechanical forces
participating in gastrulation with new imaging techniques could also facilitate our
comprehensive understanding of these morphogenetic movements. Lastly, continuing efforts to
model mammalian, particularly human, gastrulation in vitro with newly developed methods will
get us one step closer to understanding gastrulation from simple model organisms to human.
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1.8 Objectives of this thesis work
Vertebrate early embryogenesis requires the precise coordination and regulation of molecular
signaling pathways and morphogenetic movements to form a body plan. In zebrafish, a singlecell zygote starts embryonic cleavages at 45 minutes post fertilization (mpf) and divides every 15
minutes in a synchronous manner for 10 cell cycles (Fig. 1.4). During the same period, dorsal
determinants encoding Wnt agonist Wnt8a are transported through microtubules from the vegetal
pole toward the future dorsal margin for future activity. Following this rapid cleavage period, the
whole zygotic genome is activated at midblastula transition (MBT, 512-cell stage) and the
duration of cell cycles becomes longer and asynchronously (Aanes et al., 2011; Kimmel et al.,
1995). As the MBT initiates, Wnt8a-mediated β-catenin promotes the expression of some of the
earliest zygotic genes in the dorsal margin cells to establish the dorsal organizer, which is
morphologically evident as a shield marking the dorsal side of the embryo at 6 hours post
fertilization (hpf) (Langdon and Mullins, 2011; Schier and Talbot, 2005). The dorsal organizer
acts together with ventralizing factors at the ventrolateral regions during gastrulation for proper
dorsoventral axis formation. Although multiple signaling pathways, such as Wnt signaling, BMP
signaling, and Nodal signaling, have been implicated in regulation of these early processes,
additional molecular regulators remain to be defined. In particular, maternal factors contributing
to the regulation of embryonic cleavages and axial patterning are not well understood. Calcium
signaling plays an important role in multiple steps of early embryogenesis in vertebrates,
including cleavages, dorsoventral patterning, and gastrulation movements (Wallingford et al.,
2001; Webb and Miller, 2003). However, the spatiotemporal dynamics of calcium signaling
during early embryogenesis are not well characterized. In this thesis work, I investigated these
dynamics during zebrafish embryogenesis using GCaMP6s stable transgenic lines (Fig. 1.4).
Previous studies in our laboratory demonstrated that a maternal function of Dchs1b is critical for
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embryonic cleavages, axial patterning, and gastrulation movements (Li-Villarreal et al., 2015).
Here, I studied the molecular mechanisms of how Dchs1b is involved in embryonic cleavages
regulation (Fig. 1.4). Lastly, I characterized the requirement of chemokine ligand Ccl19a.1, a
putative upstream regulator of calcium signaling, in zebrafish axial patterning (Fig. 1.4).

Figure 1.4 Schematic of zebrafish early embryogenesis and the hypothesized role of
calcium signaling, atypical cadherin Dchs1b, and chemokine ligand Ccl19a.1 during this
process.
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2.1 Abstract
Intracellular Ca2+ signaling regulates cellular activities during embryogenesis and in adult
organisms. We generated stable Tg[βactin2:GCaMP6s]stl351 and Tg[ubi:GCaMP6s]stl352
transgenic lines that combine the ubiquitously-expressed Ca2+ indicator GCaMP6s with the
transparent characteristics of zebrafish embryos to achieve superior in vivo Ca2+ imaging. Using
the Tg[βactin2:GCaMP6s]stl351 line featuring strong GCaMP6s expression from cleavage
through gastrula stages, we detected higher frequency of Ca2+ transients in the superficial
blastomeres during the blastula stages preceding the midblastula transition. Additionally,
GCaMP6s also revealed that dorsal-biased Ca2+ signaling that follows the midblastula transition
persisted longer during gastrulation, compared with earlier studies. We observed that dorsalbiased Ca2+ signaling is diminished in ventralized ichabod/b-catenin2 mutant embryos and
ectopically induced in dorsalized embryos by excess b-catenin. During gastrulation, we directly
visualized Ca2+ signaling in the dorsal forerunner cells, which form in a Nodal signaling
dependent manner and later give rise to the laterality organ. We found that excess Nodal
increases the number and the duration of Ca2+ transients specifically in the dorsal forerunner
cells. The GCaMP6s transgenic lines described here enable unprecedented visualization of
dynamic Ca2+ events from embryogenesis through adulthood, augmenting the zebrafish toolbox.
Keywords: calcium transients, embryonic cleavages, gastrulation, dorsal forerunner cells, bcatenin, Nodal
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2.2 Introduction
Ca2+ ion plays an important role as a second messenger to regulate cellular activity during
embryogenesis and in adult organisms. An increase in intracellular Ca2+ concentration is
generated via a receptor-mediated Ca2+ influx from the external space or through Ca2+ release
from internal stores (Berridge, 1993; Clapham, 1995; Streb et al., 1983). Once intracellular Ca2+
concentration is elevated, Ca2+-sensitive proteins, including calmodulin-dependent kinase,
protein kinase C, and nuclear factor of activated T cells, can be activated to trigger different
cellular responses, such as gene transcription, cell motility, and proliferation (Berridge et al.,
2003; Clapham, 2007; De Koninck and Schulman, 1998; Dolmetsch et al., 1998; Gallo et al.,
2006; Li et al., 1998; Oancea and Meyer, 1998).
Ca2+ signaling is involved in the control of many aspects of early development, including
egg activation, cell cleavage, axial patterning, and morphogenesis (Webb and Miller, 2003;
Whitaker, 2006). Ca2+ waves that propagate over the cell or the embryo were first described
during fertilization in Medaka fish and sea urchin (Gilkey et al., 1978; Steinhardt et al., 1977).
Subsequent studies suggested Ca2+ waves during fertilization are conserved in other organisms
(Dumollard and Sardet, 2001; Lee et al., 1999; Runft et al., 2002; Uchida et al., 2000). Following
fertilization, several aspects of embryonic cleavages are also regulated by Ca2+ signaling,
including mitotic chromosome separation, nuclear envelope breakdown, and cytokinesis (Chang
and Meng, 1995; Groigno and Whitaker, 1998; Miller et al., 1993; Parry et al., 2005). At later
developmental stages, there is evidence that Ca2+ signaling is essential in axial patterning and
cell migration (Blaser et al., 2006; Kume et al., 1997; Slusarski et al., 1997a; Wallingford et al.,
2001; Westfall et al., 2003a). Recent studies also implicate Ca2+ signaling in the specification of
left-right asymmetry during vertebrate embryogenesis (Garic-Stankovic et al., 2008; McGrath et
al., 2003; Sarmah et al., 2005; Schneider et al., 2008; Takao et al., 2013; Yuan et al., 2015).
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The translucent nature and rapid external development of the zebrafish embryo make it a
particularly attractive model to study Ca2+ signaling during vertebrate embryogenesis. One-celled
zebrafish zygote undergoes several synchronous cleavages to form a mound of blastomeres atop
a large yolk cell (Kimmel et al., 1995). Ca2+ signaling is essential for cytokinesis at these
cleavage stages, as injection of Ca2+ chelator, BAPTA, inhibits cytokinesis (Chang and Meng,
1995). Subsequent reports demonstrated that localized Ca2+ transients accompany initiation,
propagation, and deepening of the cytokinetic furrow during the early cleavages (Webb et al.,
1997). At about 64- to 128-cell stage, a different pattern of Ca2+ signaling emerges in the
superficial blastomeres that form the enveloping layer (EVL). Transient increases of Ca2+
activity in the cytoplasm of EVL cells, or Ca2+ transients, occur uniformly across the EVL until
midblastula transition (MBT) at 3 hour post fertilization (hpf), when they display a transient
dorsal bias, becoming barely detectable an hour later (Ma et al., 2009; Reinhard et al., 1995).
Several studies have shown that disruption of Ca2+ release during the early blastula stage
preceding MBT leads to dorsalized phenotypes, and revealed an essential role of Ca2+ signaling
in negatively regulating b-catenin, a key mediator of embryonic axis specification (Westfall et
al., 2003b; Wu et al., 2012). Similar perturbations of Ca2+ release performed during gastrulation
implicated Ca2+ signaling in normal behavior of dorsal forerunner cells (DFCs), the precursors of
the left-right asymmetry organ, and consequently for left-right laterality establishment
(Schneider et al., 2008). Additionally, depletion of Ca2+ signaling during Xenopus gastrulation
inhibits convergence and extension movements (Wallingford et al., 2001).
Despite the established importance of Ca2+ signaling in embryogenesis, our
understanding of its spatiotemporal dynamics is limited as most of the previous studies employed
either synthetic Ca2+ dyes or bioluminescent protein Aequorin for transient monitoring of Ca2+
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signaling (Chang and Meng, 1995; Fluck et al., 1991; Reinhard et al., 1995; Slusarski et al.,
1997b; Webb et al., 1997). Genetically encoded Ca2+ indicators (GECI) afford more stable and
cell-type specific tools for long-term monitoring of Ca2+ activity (Miyawaki et al., 1997;
Romoser et al., 1997). In particular, transgenic animals expressing GECI possess superior
potential for imaging Ca2+ activity at later developmental stages or in specific cell types (Dreosti
et al., 2009; Tallini et al., 2006). However, such GECIs usually suffer from lower sensitivity and
slower turnover than commonly used synthetic Ca2+ dyes. The recently engineered GECI,
GCaMP6s, shows higher sensitivity compared to commonly used synthetic Ca2+ dyes in
mammalian and zebrafish neurons (Chen et al., 2013), providing an unprecedented tool with
which to study Ca2+ dynamics in vivo. For example, GCaMP6s expressed selectively in
Mauthner neurons in transgenic zebrafish enabled analysis of subcellular Ca2+ dynamics during
startle behavior, revealing that decreased dendritic excitability underlies startle habituation
(Marsden and Granato, 2015).
Here we combine the ultra-sensitivity of GCaMP6s together with the established
ubiquitous activity of b-actin2 (bactin2) and ubiquitin B (ubi) gene promoters (Kwan et al.,
2007; Mosimann et al., 2011), to generate stable transgenic lines that exhibit ubiquitous
GCaMP6s expression for improved in vivo Ca2+ imaging throughout early embryogenesis.
Leveraging the GCaMP6s stable transgenic lines and the remarkable transparency of zebrafish
embryos, we detected higher frequency of Ca2+ transients in the EVL cells during the early
blastula stage than previously reported (Ma et al., 2009; Reinhard et al., 1995). Whereas we
corroborate previous observations that the EVL Ca2+ transients occur more frequently on the
dorsal side of the blastoderm soon after MBT (Ma et al., 2009), we show they still persist during
gastrulation. Strengthening a causative link between the dorsally-biased calcium signaling
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window following MBT and axis formation, we also demonstrate that the dorsal-biased Ca2+
signaling is not observed in ventralized ichabod/b-catenin2 mutant embryos and is ectopically
induced in embryos dorsalized by excess b-catenin. We further report direct visualization of Ca2+
signaling in individual DFCs during gastrulation and show that their duration can be modulated
by Nodal signaling. The GCaMP6s transgenic lines described here will enable visualization of
additional dynamic Ca2+ events at embryonic and larval stages as well as in adult animals and
thus augment the zebrafish toolbox.

2.3 Results
2.3.1 Generation and characterization of Tg[βactin2:GCaMP6s]stl351 and
Tg[ubi:GCaMP6s]stl352 transgenic zebrafish
To enable highly sensitive and dynamic monitoring of Ca2+ signaling throughout zebrafish
development, we generated GCaMP6s transgenic lines using the Tol2 transposon method as
previously described (Kawakami et al., 2000; Maximiliano et al., 2009). Towards imaging
maternal and early embryonic Ca2+ activity, we employed bactin2 and ubi promoters to drive
GCaMP6s expression ubiquitously (Fig. 2.1A). To establish stable transgenic lines with a single
insertion, we screened for F1 carriers that produced 50% GCaMP6s-positive F2 progeny and
recovered candidate lines with single GCaMP6s integration for both promoters, referred to as
Tg[bactin2:GCaMP6s]stl351 and Tg[ubi:GCaMP6s]stl352. Both transgenic lines developed
normally as heterozygotes and homozygotes and showed fecundity comparable to wild-type
(WT) fish. Embryos obtained from carriers of either transgene displayed GCaMP6s fluorescence
in the heart at 1 day post fertilization (dpf) (Fig. 2.1B), likely owing to Ca2+ signaling associated
with cardiac conduction (Chi et al., 2010). Consistent with both transgenic lines containing a
single insertion in their genomes, quantitative PCR using their genomic DNA as a template and
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GCaMP6s-specific primers revealed two-fold higher amount of GCaMP6s sequences in
homozygous compared to hemizygous fish (Fig. 2.2A). Together, these results support the notion
that Tg[bactin2:GCaMP6s]stl351 and Tg[ubi:GCaMP6s]stl352 represent single-integration stable
transgenic lines.
Ca2+ signaling in the cleavage and early blastula stages of zebrafish development is
observed soon after egg activation, and occurs without zygotic transcription, which is initiated
around MBT (Aanes et al., 2011; Harvey et al., 2013; Kane and Kimmel, 1993; Lee et al., 2013).
Hence, we reasoned detecting Ca2+ activity at these early stages would require sufficiently high
levels of maternally-deposited GCaMP6s protein and/or mRNA in the eggs. Although both
bactin2 and ubi promoters have been reported to drive ubiquitous expression during zebrafish
embryogenesis, their activities at the early developmental stages have not been yet carefully
characterized (Kwan et al., 2007; Mosimann and Zon, 2011). To compare the activities of these
two transgenic lines, we first imaged transgenic embryos at various stages using confocal
microscopy. At 30 minutes post fertilization (mpf), Ca2+ activity was clearly detected in the
cytoplasmic blastodisc of Tg[bactin2:GCaMP6s]stl351/stl351 zygotes (Fig. 2.1Ba). By contrast,
only weak Ca2+ signaling could be detected in Tg[ubi:GCaMP6s]stl352/stl352 zygotes under the
same imaging conditions (Fig. 2.1Ba’). Similarly, we detected robust Ca2+ signaling at cleavage
and blastula stages in Tg[bactin2:GCaMP6s]stl351/stl351 (Fig. 2.1Bb,c) but not in
Tg[ubi:GCaMP6s]stl352/stl352 embryos (Fig. 2.1Bb’,c’). By contrast, we observed comparable
levels of Ca2+ signaling in the embryonic hearts at 24 hpf (Fig. 2.1Bd,d’) and later in the
contracting muscles of moving larvae (data not shown) from either transgenic line. We
hypothesized that the differences in the early GCaMP6s signal between the two transgenic lines
were due to different driving activities of bactin2 and ubi promoters during oogenesis. To test
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this, we examined the relative GCaMP6s mRNA levels in Tg[βactin2:GCaMP6s]stl351/stl351 and
Tg[ubi:GCaMP6s]stl352/stl352 embryos by qRT-PCR. The results indicated that GCaMP6s RNA
expression levels were significantly higher in Tg[βactin2:GCaMP6s]stl351/stl351 embryos than
Tg[ubi:GCaMP6s]stl352/stl352 embryos at all developmental stages before 10 hpf, whereas embryos
from both transgenic lines displayed comparable GCaMP6s mRNA levels at later stages (Fig.
2.1C, D), consistent with the above results. Taken together, these data indicate that
Tg[bactin2:GCaMP6s]stl351/stl351 embryos have higher GCaMP6s expression than
Tg[ubi:GCaMP6s]stl352/stl352 embryos during the first 10 hours of zebrafish development.
Consequently, we employed the Tg[bactin2:GCaMP6s]stl351/stl351 transgenic line for imaging
Ca2+ signaling during early embryogenesis.
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Figure 2.1 GCaMP6s expression and fluorescence in Tg[βactin2:GCaMP6s]stl351/stl351 and
Tg[ubi:GCaMP6s]stl352/stl352 transgenic zebrafish during early embryogenesis.
(A) Schematics of the Tol2[βactin2:GCaMP6s] or Tol2[ubi:GCaMP6s] constructs.
(B) GCaMP6s fluorescent confocal microscope images in Tg[βactin2:GCaMP6s]stl351/stl351 and
Tg[ubi:GCaMP6s]stl352/stl352 embryos at several developmental stages. a, a’, d, d’, lateral view; b,
b’, c, c’, animal pole view. Asterisks indicate the yolk, and arrowheads point to the blastodisc in
a, a’. Arrows point to the heart in d, d’.
(C-D) RT-PCR and qRT-PCR analyses of GCaMP6s RNA expression levels in
Tg[βactin2:GCaMP6s]stl351/stl351 and Tg[ubi:GCaMP6s]stl352/stl352 embryos in the course of
embryogenesis. The qRT-PCR results were normalized to β-actin. Error bars represent standard
deviation; N=3.
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Figure 2.2 Quantification of GCaMP6s DNA copy number.
(A) qPCR results of GCaMP6s in Tg[βactin2:GCaMP6s] and Tg[ubi:GCaMP6s].
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2.3.2 In vivo imaging of Ca2+ activities during cleavage stage in
Tg[βactin2:GCaMP6s]stl351/stl351 embryos
In the zebrafish zygote, early cleavages are meroblastic and occur synchronously at about 15minute intervals. The first few cell divisions follow a stereotypic pattern with the successive
cleavages being oriented perpendicularly to the preceding ones (Kimmel et al., 1995). Using
time-lapse spinning disc confocal microscopy (Materials and methods), we observed that
GCaMP6s signal localized to the dynamic cleavage furrow, indicating that strong Ca2+ activity
accompanied the cytokinetic furrow ingression (Fig. 2.3A). During the transition from 2- to 4cell stage, the GCaMP6s signals that accompanied the first furrow diminished and eventually
disappeared (Fig. 2.3B,C). Meanwhile, GCaMP6s fluorescence was detected in the equatorial
cortex of the nascent cleavage furrows in the currently dividing blastomeres (Fig. 2.3C).
Subsequently, GCaMP6s signals propagated across the future division plane laterally, and
extended with the furrow progression (Fig. 2.3D-G). This furrow-associated Ca2+ signaling could
be detected in Tg[βactin2:GCaMP6s]stl351/stl351 embryos in the following cell cycles until 32-cell
or 64-cell stages (Fig. 2.3H-L), but later became undetectable, consistent with previous reports
(Webb et al., 1997). The dynamic Ca2+ signaling during the cleavage stages is consistent with
Ca2+ playing a critical role in embryonic cleavages.
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Figure 2.3 Dynamics of Ca2+ signaling in Tg[βactin2:GCaMP6s]stl351/stl351 embryos at
cleavage and blastula stages.
(A-L) Still images of GCaMP6s signals during cleavage furrow progression from 2-cell stage to
16-cell stage.
(M) Quantification of Ca2+ transient duration before and after MBT. Error bars represent
standard deviation; N=4 embryos. ns, not significant.
(N) Comparison of Ca2+ transient numbers before and after MBT; N=6 embryos.
(O-P) Still images and traces of Ca2+ transients in a time-lapse series at blastula stages. (Q)
Time-lapse overlay of GCaMP6s signal from 3.7 hpf to 4 hpf from a single z-section in lateral
view.
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2.3.3 In vivo imaging of Ca2+ activities in Tg[βactin2:GCaMP6s]stl351/stl351
blastulae
Time-lapse analyses of Tg[βactin2:GCaMP6s]stl351/stl351 transgenic embryos during the blastula
stage (2–3 hpf) revealed cytoplasmic Ca2+ transients (Fig. 2.1Bc), which occur uniformly across
the blastoderm in individual and nondividing blastomeres (Fig. 2.5C,D). The Ca2+ transients
initiated at around 64- to 128-cell stages and had an average duration of about 20-30 seconds
(25.83 ± 7.50 seconds, N=4 embryos; Fig. 2.3M), consistent with previous studies (Ma et al.,
2009; Reinhard et al., 1995). However, our analyses revealed more frequent Ca2+ transients than
previously reported (304.0 ± 84.6 at 2.75-3 hpf, N= 6 embryos) (Fig. 2.3N). We also noticed
Ca2+ transients in a single cell sometimes were associated with Ca2+ signals appearing in nearby
cells. Such coordinated Ca2+ transients usually were restricted to neighboring cells that were oneor two- cells apart, consistent with the suggested transmission of Ca2+ signaling between
blastomeres at this stage of development (Ma et al., 2009) (Fig. 2.3O,P). Since GCaMP6s
displays superior Ca2+ sensitivity (Chen et al., 2013 and this work), we tested whether Ca2+
transients could be detected also in the deep cells of the Tg[βactin2:GCaMP6s]stl351/stl351
embryos. Against this notion, our time-lapse analyses failed to reveal any Ca2+ transients in the
deep cells (Fig. 2.3Q).
We next wanted to test the sensitivity of Tg[βactin2:GCaMP6s]stl351/stl351 transgenic line
upon ectopic Ca2+ activation. Therefore, we injected synthetic RNA encoding mCherry and
Wnt5b, the latter has been implicated in the regulation of EVL Ca2+ transients during blastula
stage (Lin et al., 2010; Slusarski et al., 1997a; Slusarski et al., 1997b). Interestingly, we observed
an increased number of Ca2+ transients in Wnt5b-misexpressing embryos before MBT but not
after, as the number of Ca2+ transients became similar as in control embryos injected with
mCherry RNA after 3 hpf (Fig. 2.4A, N=5 embryos each). However, the fluorescence intensity
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was constantly higher in wnt5b RNA-injected embryos compared to control embryos across the
time period examined (2.5-4 hpf) albeit slightly decreased at 3.5-4 hpf (Fig. 2.4B,C). In addition,
after MBT wnt5b RNA-injected embryos displayed a similar pattern of dorsal-biased Ca2+
signaling to that observed in control embryos (Fig. 2.4D) and uninjected embryos (Fig. 2.5C,F).
Together, our studies of Tg[βactin2:GCaMP6s]stl351/stl351 revealed that Ca2+ transients
occur at higher frequency in the early zebrafish blastula than previously shown, but provided
further support for the notion that Ca2+ transients are restricted to the EVL cells and occur
uniformly across the blastoderm at this stage of development (Ma et al., 2009; Reinhard et al.,
1995), and their frequency before MBT can be increased by excess Wnt5b (Lin et al., 2010).
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Figure 2.4 Comparison of EVL calcium transients in wnt5b-misexpression embryos.
(A) Quantification of total number of EVL calcium transients in mCherry control and Wnt5boverexpressing embryos from 2.5 hpf to 4 hpf. *, P ≤ 0.05. ns, not significant; N=4 embryos
each.
(B) Representative calcium transient traces in mCherry control and Wnt5b-overexpressing
embryos.
(C) Representative 30-minute time-lapse overlay of calcium signals in
control and Wnt5b embryos between 2.5 hpf and 4 hpf.
(D) Comparison of calcium transient frequencies in each quadrant from 2.5 hpf to 4 hpf in
control and Wnt5b-overexpressing embryos.
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2.3.4 Comparison of EVL Ca2+ transients during blastula and gastrula stage
Given the relatively low sensitivity and transient expression of the Ca2+ sensors employed in
previous studies (Reinhard et al., 1995; Webb and Miller, 2003), we wondered whether we could
detect Ca2+ transients at later stages with the Tg[bactin2:GCaMP6s]stl351/stl351 transgenic line. To
this end, we carried out long-term time-lapse confocal microscopy analyses of Ca2+ activity from
the MBT through mid-gastrulation stages (2.5-8.0 hpf). We observed comparable Ca2+ transients
albeit of decreasing frequency throughout blastula and early gastrula stages (598.1 ± 240.1 at
2.5-3 hpf compared to 474.3 ± 212.4 at 6-6.5 hpf). Like during blastula stages, our imaging
approach only detected Ca2+ transients in the EVL cells of the Tg[bactin2:GCaMP6s]stl351/stl351
gastrulae. From 6.5 hpf the number of Ca2+ transients in the EVL further decreased over time
(263.1 ± 110.1 at 6.5-7 hpf) but still persisted to the end of the imaging period at 8 hpf (Fig.
2.5A). Interestingly, this reduction of Ca2+ transient frequency occurs soon after the dorsal
organizer, or embryonic shield is established at 6 hpf (Kimmel et al., 1995).
Whereas the EVL Ca2+ transients occur homogeneously across the entire EVL before the
MBT, they later display a dorsal-biased Ca2+ signaling window after MBT (3-4 hpf) (Ma et al.,
2009). To corroborate such observations, we manually quantified Ca2+ transients in each
individual quadrant (dorsal, ventral, right, and left, identified retrospectively) in a 30-minute time
interval from 2.5 hpf to 8 hpf (Fig. 2.5B, and also see Materials and methods). These analyses
showed that a higher frequency of Ca2+ transients in the dorsal compared to the other three
quadrants initiated at 3 hpf and lasted until 5 hpf. Subsequently, Ca2+ transients occurred at a
similar frequency in all quadrants throughout the remaining stages analyzed (Fig. 2.5C, N=8-10
embryos).
To avoid any bias of manual analysis, we also developed an automated algorithm for the
Ca2+ transient quantification (Materials and methods). To ensure the reliability of this method,
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we first compared the total number of Ca2+ transients between manual and automated
quantification before and after the establishment of the dorsal-biased Ca2+ signaling. The results
indicated that the two methods detected a comparable number of Ca2+ transients at both stages,
and revealed a similar relative increase of Ca2+ transients in the dorsal quadrant at 3.5-4 hpf (Fig.
2.5D,E). We further carried on the analyses from 2.5 hpf to 7 hpf using the automated method,
which revealed dorsally enriched Ca2+ activity between 3-5 hpf, consistent with our manual
quantification (Fig. 2.5C,F, N=4-6 embryos).
Together, we found that the EVL Ca2+ transients persist during blastula and gastrula
stages, and display a two-hour dorsal-biased enrichment (3-5 hpf) preceding the morphological
manifestation of the dorsal organizer, or formation of the embryonic shield, that occurs at 6 hpf
(Kimmel et al., 1995). Further, the total frequency of EVL Ca2+ transients starts to decrease
following the embryonic shield establishment.
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Figure 2.5 Dorsal bias of the EVL Ca2+ transients from midblastula to late blastula stage.
(A) Quantification of total Ca2+ transient numbers at 30-minute intervals from 2.5 hpf to 8 hpf.
Error bars represent standard deviation; ns, not significant. ****; P ≤ 0.0001; N=8-10 embryos.
(B) Representative Ca2+ transient traces from a single spot in each quadrant between 3.5 hpf and
4 hpf.
(C) Manual quantification of Ca2+ transient frequency in four blastoderm quadrants from 2.5 hpf
to 8 hpf; N=8-10 embryos.
(D-E) Comparisons of Ca2+ transient numbers in individual quadrant between manual and
automated quantifications at 2.5-3 hpf and 3.5-4 hpf.
(F) Automated quantification of Ca2+ transient frequency from 2.5 hpf to 7 hpf. Error bars
represent S.E.M. *, P ≤ 0.05. ***, P ≤ 0.001. ****, P ≤ 0.0001; N=4-6 embryos.
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2.3.5 Characterization of EVL Ca2+ activities in ventralized and dorsalized
embryos
The dorsal-biased Ca2+ signaling observed following MBT suggests a correlation between EVL
Ca2+ signaling and the establishment of dorsal organizer or embryonic shield, which is manifeste
morphologically at 6 hpf. One prediction of such a correlation is that the Ca2+ dynamics should
be altered in embryos with defective dorsoventral patterning. To test this, we first imaged EVL
Ca2+ transients from 2.5 hpf to 6.5 hpf in maternal zygotic 57chabod/b-catenin2 ventralized
embryos (Kelly et al., 2000). As we could not define morphologically the dorsal region in
ventralized embryos, we randomly divided mutant embryos into quadrants in two different ways
(Fig. 2.6A,B). Our analyses showed no significant bias toward any quadrant across the time
window analyzed (Fig. 2.6A, B, N=6 embryos).
To test EVL Ca2+ signaling in dorsalized embryos, we injected b-catenin1/H2b-RFP
synthetic RNA to one of the marginal cells at 8-16 cell stages (Kelly et al., 1995). Expression of
H2b-RFP allowed identification of the induced dorsal organizer by examining H2b-RFP
expression (Fig. 2.6C). Using the H2b-RFP expression and embryonic shield morphology, we
defined the induced dorsal quadrant and the other three quadrants disregarding any endogenous
dorsal organizer or embryonic shield. The automatic analysis of Ca2+transients showed that the
frequency of Ca2+ transients was significantly higher in the induced dorsal quadrant than the
other three quadrants in a fashion similar to that observed in WT embryos (Fig. 2.6C, N=6
embryos versus Fig. 2.5C,F). It is noteworthy that the total number of Ca2+ transients was
comparable in ventralized and dorsalized embryos to that detected in WT embryos (Fig. 2.6E and
Fig. 2.7A). Whereas the induced dorsal quadrant showed a higher number of Ca2+ transients than
WT dorsal quadrant at 3.5-4 hpf (Fig. 2.6D and Fig. 2.7B), we have not detected significant
difference in the number of transients in non-dorsal quadrants in dorsalized versus WT embryos
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at 3.5-4 hpf. Collectively, these data indicate that the biased-EVL Ca2+ signaling that is initiated
soon after MBT is strongly associated with and an early predictor of the dorsal organizer
formation.
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Figure 2.6 EVL Ca2+ signaling pattern in ventralized and dorsalized embryos.
(A-B) Automated quantification of EVL Ca2+ transient frequency in ichabod/b-catenin2
ventralized embryos between 2.5 hpf and 6.5 hpf. Error bars represent S.E.M. ; N=6 embryos.
(C) Automated quantification of EVL Ca2+ transient frequency in b-catenin1-injected dorsalized
embryos. Induced dorsal organizer is oriented to the right. Error bars represent S.E.M. *, P ≤
0.05. **, P≤ 0.01 ***, P ≤ 0.001. ****, P ≤ 0.0001; N=6 embryos. (D) Comparison of of Ca2+
transient number in individual quadrants among WT, ventralized, and dorsalized embryos at 3.54 hpf. Error bars represent standard deviation. ns, not significant. *, P ≤ 0.05. ****, P ≤ 0.0001
(E) Representative 30-minute time-lapse overlay of GCaMP6s signals in WT, ventralized, and
dorsalized embryos from 2.5 hpf to 6.5 hpf.
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Figure 2.7 Comparison of calcium transient numbers in WT and mutants.
(A) Quantification of total number of EVL calcium transients in WT, ventralized, and dorsalized
embryos from 2.5 hpf to 6.5 hpf. N indicates the number of embryos in each group.
(B) Quantification of EVL calcium transient numbers in each quadrant at 3.5-4 hpf from
individual embryos. Arrows indicate the endogenous dorsal organizer.
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2.3.6 Characterization of dorsal forerunner cell Ca2+ activity in
Tg[bactin2:GCaMP6s]stl351/stl351
Dorsal forerunner cells (DFCs) form by ingression of dorsal marginal EVL cells at the onset of
epiboly (Oteiza et al., 2008). In the course of epiboly, they move vegetally ahead of the deep cell
margin while remaining closely associated with the overlying EVL margin, earning their name
DFCs (Solnica-Krezel et al., 1996). At early somitogenesis, the DFCs organize to form a ciliated
epithelium of the Kupffer’s vesicle (KV), a transient structure essential for left-right patterning
(Amack and Yost, 2004; Essner et al., 2005). Ca2+ signaling in the DFCs during gastrulation,
visualized in lateral view using dextran-conjugated Ca2+ sensor Fura-2, has been implicated in
the control of left-right pattering (Schneider et al., 2008). However, carrying out similar timelapse imaging of Tg[bactin2:GCaMP6s]stl351/stl351 gastrulae in lateral view, we found it difficult
to discern whether the GCaMP6s signals originate from the DFCs or the adjacent thin EVL cells.
Instead, using time-lapse confocal imaging, Ca2+ transients in the DFCs were clearly detected in
dorsal view and could be distinguished from the EVL Ca2+ transients due to the smaller size and
rounder shape of DFCs compared to the large, flat and polygonal EVL cells (Fig. 2.8A). The
Ca2+ transients in DFCs exhibited a similar duration to those observed in EVL cells (Fig. 2.8B),
and were visible from the shield to 90% epiboly stage (6-9 hpf) (data not shown). These data are
consistent with the previous work (Schneider et al., 2008), but provide a direct evidence for Ca2+
activity in the DFCs.
Nodal signaling has an instructive role in DFC formation: overexpression of the Nodal
ligand Cyclops/Nodal-related 2 (Cyc/Ndr2) strongly increases the DFC numbers, whereas the
deficiency of Nodal signaling results in DFC deficiency (Choi et al., 2007; Oteiza et al., 2008).
To test whether supranumerary DFCs induced by excess Nodal signaling exhibit normal Ca2+
activity, we performed time-lapse confocal imaging of Tg[bactin2:GCaMP6s]stl351/stl351 embryos
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injected at 64-cell stage with cyc/ndr2 synthetic RNA. We observed numerous ectopic DFCs in
the cyc/ndr2 RNA-injected embryos, and a proportional expansion of Ca2+ transients in the
injected embryos. Surprisingly, we also observed prolonged duration of Ca2+ transients in
individual DFCs in the Cyc/Ndr2-overexpressing gastrulae with an average Ca2+ transient lasting
83.33 ± 6.7 seconds (n= 150 cells in N= 3 embryos), compared to 22.16 ± 1.1 seconds (n= 88
cells in N= 3 embryos) in DFCs from control gastrulae (Fig. 2.8B,C). By contrast, the EVL cells
in the cyc/ndr2 RNA-injected embryos displayed comparable duration of Ca2+ transients to those
in control gastrulae (Fig. 2.8B). These data indicate that enhanced Nodal signaling is sufficient to
increase Ca2+ transients in the DFC domain, likely due to supernumerary DFCs. In addition,
excess Nodal signaling increases Ca2+ transient duration specifically in the DFCs without
affecting the duration of Ca2+ transients in the EVL cells. We next wished to determine whether
Nodal signaling could directly influence Ca2+ transient duration in DFCs. Therefore, we injected
cyc/ndr2 RNA at 512-cell stage into the yolk cell after it becomes separated from the blastoderm,
but the yolk-injected RNA can be selectively targeted to the DFCs owing to their unique
endocytic activity (Cooper and D'Amico, 1996). Although we observed dorsalized phenotypes in
the embryos injected with cyc/ndr2 RNA as expected (Sampath et al., 1998), we found that DFC
Ca2+ transients exhibited duration not significantly different from that in control embryos (Fig.
2.8B, N=3 embryos).
To test whether Ca2+-induced Ca2+ release plays a role in sustaining DFC Ca2+ transient
duration in cyc/ndr2 RNA-injected gastrulae, we treated the injected embryos with a gap junction
inhibitor carbenoxolone (CBX) before time-lapse imaging (Satou et al., 2009; Wang et al., 2014;
Yin et al., 2012). We found the elongated Ca2+ transients duration still persisted specifically in
the DFCs but not in the EVL cells (Fig. 2.8D, N=2 embryos), despite severe epiboly defects

63

exhibited by the treated-embryos. We further carried out experiments to compare Ca2+ transients
duration before and after CBX treatment by applying CBX solution in the course of imaging. In
this manner, we still found not significant difference of DFC Ca2+ transient duration before or
after CBX treatment in the Cyc/NDr2-overexpressing embryos (Fig. 2.8E, N=4 embryos).
Together, our data suggest that the DFC Ca2+ transient duration is influenced by Nodal signaling
indirectly and is not mediated through Ca2+-induced Ca2+ release.
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Figure 2.8 Excess Nodal signaling prolongs Ca2+ transient duration specifically in the
DFCs.
(A) Representative images of a single Ca2+ transient in a DFC at 6.5 hpf.
(B) Quantification of Ca2+ transient duration in WT and Cyc/Ndr2-misexpressing embryos. Error
bars represent standard deviation. ****, P ≤ 0.0001. N=3 embryos in control and Cyc/Ndr2misexpressing embryos, respectively.
(C) Still images of Ca2+ transients in the DFCs of uninjected control and Cyc/Ndr2misexpressing embryo in a time-lapse series. Arrowhead points to the DFC region that was
imaged.
(D) Quantification of DFC Ca2+ transient duration between DFCs and EVL cells in cyc/ndr2
RNA-injected embryos after CBX treatment. ****, P ≤ 0.0001. N=2 embryos. (E) Quantification
of DFC Ca2+ transient duration in Cyc/Ndr2-misexpressing embryos before and after CBX
treatment. ns, not significant; N=4 embryos.
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2.4 Discussion
Here we report the generation of stable transgenic zebrafish lines with ubiquitous expression of
GCaMP6s for improved Ca2+ imaging in vivo. Using the Tg[βactin2:GCaMP6s]stl351/stl351 line,
we describe enhanced Ca2+ imaging in the first 10 hours of zebrafish embryogenesis compared to
previously reported methods. We confirm and extend earlier studies of Ca2+ signaling activities
during cleavage and early blastula stages. Whereas imaging Tg[βactin2:GCaMP6s]stl351/stl351
corroborates previously described Ca2+ transients randomly occurring in the superficial EVL
cells preceding MBT, GCaMP6s revealed that these Ca2+ transients occur at higher frequency
than previously appreciated. The stable expression of GCaMP6s also corroborated that the EVL
Ca2+ transients display an asymmetry toward the dorsal quadrant from midblastula to late
blastula stages, when the EVL Ca2+ transients become uniform and persist during gastrulation.
Lastly, GCaMP6s allowed direct monitoring of Ca2+ transients in the DFCs during gastrulation at
a single cell resolution. Interestingly, we observed prolonged Ca2+ transients specifically in the
DFCs of gastrulae overexpressing the Nodal ligand Cyc/Ndr2. Taken together, these data
indicate GCaMP6s is a superior Ca2+ sensor for monitoring dynamic Ca2+ activity throughout
zebrafish embryogenesis.
Our study provides a direct comparison of two zebrafish ubiquitous promoters, βactin2
and ubiquitin, during early embryonic development. We present several lines of evidence that the
βactin2 promoter in Tg[βactin2:GCaMP6s]stl351/stl351 transgenic line possesses stronger maternal
activity to drive transgenic expression compared to the expression observed in
Tg[ubi:GCaMP6s]stl352/stl352 embryos. The βactin2 promoter, which contains a 5.3-kb element
upstream of the β-actin2 gene start codon, was shown to provide broad expression throughout
the embryo at 24 hpf (Kwan et al., 2007). Subsequent studies also reported ubiquitous expression
of various proteins using the βactin2 promoter (Campinho et al., 2013; Randlett et al., 2011).
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Zebrafish ubi promoter was also recently reported to drive constitutive transgene expression
during developmental stages after 24 hpf (Mosimann et al., 2013; Mosimann and Zon, 2011).
Here we directly compared βactin2 and ubi promoters in their ability to drive GCaMP6s
expression in stable transgenic lines in the first 24 hours of embryogenesis. Analyzing singlecopy insertion alleles for both lines, we observed that Tg[βactin2:GCaMP6s]stl351/stl351 embryos
exhibited more robust GCaMP6s RNA expression levels at stages before 10 hpf by qRT-PCR.
Confocal Ca2+ imaging at a series of early developmental stages corroborated these results. At
later developmental stages, the two transgenic lines conferred similar levels of GCaMP6s
expression levels. Based on these results we propose that βactin2 should be a promoter of choice
to ensure transgene expression at blastula stages. However, the possible position effects of
transgene integration on influencing GCaMP6s expression in these two transgenic lines should
also be considered. Indeed, previous studies in mouse and zebrafish suggested that expression
pattern of a gene inserted at the transgene integration locus may be influenced by the nearby
regulatory elements (Jaenisch et al., 1981; Roberts et al., 2014; Wilson et al., 1990).
Consistent with the higher sensitivity of GCaMP6s for Ca2+ transient detection (Chen et
al., 2013), we detected higher frequency of Ca2+ transients in EVL cells during the blastula stage
in comparison with previous studies. In our Tg[bactin2:GCaMP6s]stl351/stl351 embryos, we
observed about 304.0 ± 84.6 transients per 15-minute interval (2.75-3 hpf) in the blastulae. Using
Aequorin-based luminescent Ca2+ imaging, Ma and colleagues detected about 40-80 Ca2+
transients per 15-minute interval at the blastula stage (Ma et al., 2009), a 4-8 fold difference.
Indicating that the Tg[bactin2:GCaMP6s]stl351/stl351 reporter can also detect supranumerary Ca2+
transients, we observed increased numbers and amplitude of Ca2+ transients in early blastulae
overexpressing Wnt5b (Fig. 2.4), previously shown to activate calcium signaling in early
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zebrafish embryos (Slusarski et al., 1997b; Westfall et al., 2003a). In addition, the EVL Ca2+
transients in the Tg[bactin2:GCaMP6s]stl351/stl351 embryos still persisted during gastrulation (Fig.
2.5A), contrasting previous observations in which they started to diminish at the late blastula
stage (Ma et al., 2009; Reinhard et al., 1995). Given that these studies employed transient
expression of either synthetic Ca2+ dyes (Ca2+ green dextran and NuCa-green) or injection of
recombinant f-aequorin, we reasoned the stably-expressed GCaMP6s under bactin2 promoter
likely allowed us to detect the EVL Ca2+ transients at this relatively later developmental stage.
However, we did not detect any obvious intercellular Ca2+ waves during the gastrula stage in
Tg[βactin2:GCaMP6s]stl351/stl351 embryos (Gilland et al., 1999; Webb and Miller, 2003). This
discrepancy is likely due to the different imaging approach we employed in this work compared
with previous studies, and further experiments are warranted to explore such large-scale Ca2+
activities during gastrulation. It is also possible that using in future studies other GCaMP6
variants (GCaMP6m, GCaMP6f), which provide faster kinetic sensitivity than GCaMP6s (Chen
et al., 2013), might enable the detection of more transient Ca2+ events at this stage.
Ca2+ signaling has been proposed to play important roles during axis formation in
vertebrates. In Xenopus and zebrafish, suppression of intracellular Ca2+ release using chemical
inhibitors or interference with specific genes results in dorsalized phenotypes by negatively
regulating activity of the maternal Wnt/β-catenin pathway (Kume et al., 1997; Lyman Gingerich
et al., 2005; Westfall et al., 2003a). Together, these studies support the model in which the
uniform Ca2+ transients in EVL cells during the blastula stages limit axis formation. However, it
remains unclear whether Ca2+ signaling functions in this process in a cell autonomous or nonautonomous manner to modulate the maternal Wnt/β-catenin pathway in the zebrafish
blastomeres. Whereas b-catenin has been detected in the nuclei of dorsal superficial EVL cells
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and deeper blastomeres (Kelly et al., 2000; Schneider et al., 1996), Reinhard and colleagues
reported that Ca2+ signaling is nearly exclusively restricted to the EVL cells, implying that the
modulation of maternal Wnt/β-catenin by Ca2+ transients is cell non-autonomous (Reinhard et
al., 1995). Our confocal microscope analyses employing the supersensitive Ca2+ indicator
GCaMP6s also failed to detect any Ca2+ activity within the deep cells in the GCaMP6s transgenic
lines during the blastula stage. Thus these data corroborate the previous observation that Ca2+
transients indeed occur only in the EVL blastomeres (Reinhard et al., 1995), and provide further
support for the cell non-autonomous mechanism of b-catenin regulation by a Ca2+-dependent
activity. One such molecule that could function upstream of EVL Ca2+ signaling is Wnt5, which
has been reported to stimulate Ca2+ release to antagonize Wnt/β-catenin activity (Slusarski et al.,
1997b; Westfall et al., 2003a). Interestingly, despite detecting increased uniform Ca2+ transients
before MBT, we did not observe ventralized phenotypes in Wnt5b-overexpressing embryos (Fig.
2.4A-C and data not shown). Accordingly, we also detected in Wnt5b-overexpressing embryos
the dorsal-biased Ca2+ signaling pattern (Fig. 2.4D), which is usually absent in ventralized
embryos (Fig. 2.6A,B). Similarly, we did not observe increased Ca2+ signaling before MBT in
ichabod/b-catenin2 ventralized embryos, which might be explained by the mutation directly
influencing expression of b-catenin2 level (Kelly et al., 2000), instead of an upstream regulator.
It was suggested that the establishment of dorsal-biased Ca2+ signaling results from
reduction of Ca2+ transients in the other three quadrants (ventral, left, and right quadrants)
following MBT (Ma et al., 2009). However, we found no significant difference in the total
number of Ca2+ transients in the Tg[bactin2:GCaMP6s]stl351/stl351 embryos before and after MBT
(Fig. 2.3N). Instead, our results indicated the dorsal-biased Ca2+ signaling is due to a higher
frequency of Ca2+ transients in the dorsal quadrant compared with other quadrants. Moreover, the
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number of calcium transients increased further in embryos dorsalized by injection of b-catenin
(Fig. 2.7B). Whereas this was not associated with significant elevation of the total number of
transients, we note that high variability of the Ca2+ transients’ frequency between individual
embryos might have prevented detection of such an increase (Fig. 2.5A and Fig. 2.7B). In
addition, we demonstrated that this dorsal-biased Ca2+ signaling lasts from 3 to 5 hpf, about
twice as long as initially reported (Ma et al., 2009). Although the role of such dorsal-biased Ca2+
signaling after MBT is still unclear, it is possible that it functions in the establishment and/or
maintenance of the dorsal organizer and the process of axis formation. Indeed, the diminished
Ca2+ signaling bias in ventralized ichabod/b-catenin2 mutant embryos and the increase frequency
of Ca2+ signaling in induced dorsal organizer further support this notion (Fig. 2.6A-C). Together,
our work provides further support for an intriguing interaction between Ca2+ signaling and the
Wnt/β-catenin pathway before and after MBT (Ma et al., 2009; Slusarski et al., 1997b; Wu et al.,
2012), and offers a highly sensitive calcium reporter for future investigations of the underlying
molecular mechanisms.
Recent studies have implicated DFC Ca2+ signaling in the regulation of zebrafish leftright patterning during gastrulation. Ca2+ sensor Fura-2 was employed to visualize localized Ca2+
signaling from the DFCs at 60-90% epiboly stages in lateral view of the gastrulae. Manipulation
of Ca2+ release in the DFCs by thapsigargin treatment at the early to mid-gastrulation stages
disrupts KV formation and randomizes organ laterality (Kreiling et al., 2008; Schneider et al.,
2008). Analyzing Tg[bactin2:GCaMP6s]stl351/stl351 gastrulae in dorsal view, we detected Ca2+
directly in the smaller, mesenchymal-like DFC cells in addition to the larger, epithelial-like EVL
cells (Fig. 2.8A). Moreover, we found that Ca2+ transients in the DFCs display similar duration
as those in EVL cells. Given that DFCs form by the ingression of dorsal margin EVL cells at the
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onset of epiboly (Oteiza et al., 2008), we speculate that the Ca2+ signaling activity in the DFCs
might be a remnant of their EVL origins. As most of Ca2+ inhibition experiments were performed
via treatments of whole embryos, it remains unclear whether Ca2+ transients in the DFCs have a
specific role in the KV formation. Interestingly, we observed prolonged duration of Ca2+
transients specifically in the DFCs but not in the surrounding EVL cells in embryos in which
Nodal signaling was elevated by injection of synthetic cyc/ndr2 RNA at the cleavage stages,
suggesting that Ca2+ signaling in DFCs and EVL cells can be differentially regulated. Whereas
Ca2+ signaling modulation has been implicated in the regulation of Nodal gene expression during
left-right patterning (Takao et al., 2013), whether Nodal signaling plays a role in controlling Ca2+
signaling directly or indirectly is unknown. Our data suggest that Nodal signaling is capable of
modulating Ca2+ signaling specifically in the DFCs during gastrulation (Fig. 2.8B,C). Given that
Nodal signaling promotes DFC formation in a cell non-autonomous manner (Oteiza et al., 2008),
it is possible that Nodal signaling influences DFC Ca2+ transient duration also functioning cell
non-autonomously. In support of this notion is our data that DFC Ca2+ transient duration
remained unchanged when synthetic cyc/ndr2 RNA was injected into the YSL after its separation
from the blastoderm (Fig. 2.8B), what should directly activate Nodal signaling in DFCs (Amack
and Yost, 2004; Cooper and D'Amico, 1996).
In conclusion, we leveraged GCaMP6s GECI to generate a superior Ca2+ indicator
transgenic line, Tg[bactin2:GCaMP6s]stl351/stl351, for improved in vivo Ca2+ imaging during early
embryogenesis in zebrafish. We extended previous Ca2+ imaging studies with better spatial and
temporal Ca2+ dynamics at the blastula and gastrulation stages. These transgenic Ca2+ indicator
lines will enable investigating the mechanisms that restrict Ca2+ transients to the EVL cells and
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the specific roles and mechanisms of both the homogenous and dorsal-biased Ca2+ EVL cell
signaling before and after the onset of zygotic transcription in the process of axis formation.
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2.5 Materials and Methods
Zebrafish lines and maintenance
Zebrafish embryos were collected from natural matings and maintained in egg water at 28.5°C.
Embryos were staged according to morphology (Kimmel et al., 1995). Wild-type (WT) strain
AB* was used to generate the transgenic lines. All experiments and procedures were approved
by the Animal Studies Committee of the Washington University School of Medicine.

Confocal imaging
Transgenic embryos were manually dechorionated at the described stages and mounted in 0.3%
low melting agarose (Lonza) on a coverglass bottom dish. Z-stack time-lapse imaging was
performed using a spinning-disk confocal microscope (Quorum) with a 491-nm wavelength laser
and maintained at 28.5°C. Time-lapse imaging was set up with 3µm interval z stacks for a total
of 50 slices and 15 second interval for EVL Ca2+ imaging, and 2µm interval z stacks for a total of
20-30 slices and 10-15 second interval for DFC Ca2+ imaging. Gap junction inhibitor CBX was
either applied at 50-100µM final concentration directly to dechorionated embryos for 30 minutes
before imaging or applied to the agarose-mounted embryos at 100µM final concentration during
imaging (Satou et al., 2009; Wang et al., 2014).

Plasmids and in vitro Transcription
The following constructs were used in this study: pGF-CMV-GCaMP6s (Chen et al., 2013),
pBH-R4/R2 (Heim et al., 2014), p5E-bactin2, pCS2FA-transposase (Kwan et al., 2007), p5E-ubi
(Mosimann et al., 2011), pCS2+wnt5b (Lin et al., 2010), and pCS2+cyc/ndr2 (Rebagliati et al.,
1998). The GCaMP6s open reading frame (ORF) was amplified from pGF-CMV-GCaMP6s
using Phusion High-Fidelity DNA polymerase (Invitrogen) with GCaMP6s-Forward and 74

Reverse primers (Table S1). The amplified GCaMP6s ORF was cloned into pENTR/D-TOPO
(Invitrogen) and sequenced. To generate Tol2 destination constructs, p5E-bactin2 or p5E-ubi
promoter sequences were recombined with pENTR/D-GCaMP6s into pBH-R4/R2 using the
Gateway LR Clonase II Plus enzyme (Invitrogen).
To generate cyc/ndr2 RNA, pCS2+cyc/ndr2 plasmid was linearized with Asp718I, purified
(Qiagen), and used as a template for RNA synthesis with the mMessage mMachine SP6 kit
(Ambion). The resulting RNA was purified with the Micro Bio-Spin P-30 columns (Bio-Rad).
50pg cyc/ndr-2 RNA mixed with 0.1% Texas Red was injected at 64-cell stage to 1-2 marginal
cells of the blastomeres, or 400pg was injected at 512-cell stage to the yolk cell. pCS2+wnt5b
was linearized with ApaI, and transcribed and purified as described above. 50-100pg wnt5b
synthetic RNA was injected at 1-cell stage.

Quantitative PCR
To quantify the relative insertion copy number of GCaMP6s DNA, genomic DNA was extracted
from the adult transgenic fish fin using the DNeasy Blood & Tissue Kit (Qiagen). To quantify
the relative GCaMP6s transcript levels, RNA was isolated from whole embryos using Trizol
(Invitrogen) and subjected to cDNA preparation (SuperScript III, Invitrogen). Quantitative PCR
(qPCR) was performed in CFX Connect Real time system (Bio-Rad) using the primers listed in
Table 2.1.
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Table 2.1 Nucleotide sequences of primers
GCaMP6s-Forward
GCaMP6s-Reverse
GCaMP6s-qForward
GCaMp6s-qReverse
β-actin-qForward
β-actin-qReverse

CACCAAGGCCTATGGGTTCTCATCATCATCATCATCATGG
GCTCTAGATCACTTCGCTGTCATCATTTGTACAAAC
CCACCCTCGTGACCACCCTG
GCGCGGGTCTTGTAGTTGCC
CGAGCTGTCTTCCCATCCA
TCACCAACGTAGCTGTCTTTCTG
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Quantification of Ca2+ transients
Time-lapse movies (interval=15 seconds) were collected from 2.5 to 8 hpf, a different embryo
was replaced every 1.5-2.5 hour to prevent phototoxicity or photobleaching. The embryonic
shield was identified at around 6.5 hpf to retrospectively define the four quadrants (dorsal,
ventral, left, and right) at blastula stages for the quantification of Ca2+ transients in each quadrant
(Fig. 2.5B). Ca2+ transients were defined as previously described (Reinhard et al., 1995). The Fiji
cell counter plugin (Schindelin et al., 2012) was used to manually quantify Ca2+ transients. Data
were analyzed in Prism 6 software (GraphPad) using two-way ANOVA test.
For automated Ca2+ transient quantification, the raw movie was converted into ΔF/F0 version by
calculating on each pixel:

∆𝐹/𝐹0 =

𝐹 − 𝐹0
𝐹0

Where F is the current value of pixel, F0 is the mean of pixel values along the recording time.
The contrast was enhanced between background and active cell. Each frame was divided into
dorsal, ventral, right and left quadrants similar as manual quantification described above.
Empirically, we chose 0.4-0.5 as a threshold level for each recording video to convert the video
into binary frames. After that, all four-connected components fewer then 20 pixels were
removed. Components remaining after removing were considered to be active cells. In order to
capture individual cells, centroids of components were calculated and assigned into each subregion. Centroids that had a distance less then 20 were considered the same cell. Additionally, a
cell active in continuous two frames was counted only once. A Gaussian weight matrix was
assigned to correct the size difference associated with the cell distribution:
𝑤𝑒𝑖𝑔ℎ𝑡 𝑖, 𝑗 = 𝑖 − 0.5 ∗ 𝑎
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+ 𝑗 − 0.5 ∗ 𝑏

!

Where (i, j) is the centroid’s coordinate. An estimated size for cells was calculated by
𝑆 𝑖, 𝑗 = 𝑆 ∗ 𝑤𝑒𝑖𝑔ℎ𝑡(𝑖, 𝑗)
Where S(i,j) is the estimated cell size on coordinates (i,j) and S is the center cell’s size. Then
each component was counted as:
𝑁 = 𝑅𝑜𝑢𝑛𝑑(

𝑛
)
𝑆 𝑖, 𝑗

Where n is the number of pixels of the components. The number of cell activity events was
counted separately for each sub-region. All the data for Wnt5b-overexpression, ventralized, and
dorsalized embryos were quantified using the automated method. The resulting data were
subjected to statistical analysis using Prism 6 software (GraphPad).
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3.1 Abstract
The atypical cadherin Dachsous (Dchs) is a conserved regulator of planar cell polarity,
morphogenesis, and tissue growth during animal development. In Drosophila and zebrafish,
Dchs functions in part by regulating the microtubule cytoskeleton; however, molecular
mechanisms remain unknown. Here we show that during embryonic cleavages dchs1b zebrafish
mutant embryos exhibit furrow progression defects and impaired assembly of midzone
microtubules that are associated with decreased microtubule dynamics. Mechanistically, Dchs1b
interacts via a conserved motif in its intracellular domain with the TPR motifs of Ttc28 protein
and regulates its subcellular distribution. Excess Ttc28 in wild-type embryos impairs cleavages
and decreases microtubule dynamics, while ttc28 inactivation increases dynamics. Moreover,
ttc28 deficiency in dchs1b mutants suppresses the microtubule dynamics and midzone
microtubule assembly defects without normalizing embryonic cleavages. Together, our work
reveals a molecular mechanism through which Dchs1b regulates microtubule dynamics and
midzone microtubule assembly by interacting with Ttc28 and regulating its subcellular
distribution.

3.2 Introduction
Dachsous (Dchs in vertebrates/Ds in Drosophila) is a single-pass transmembrane protein with 27
extracellular cadherin repeats and a less well-characterized intracellular domain (Clark et al.,
1995; Halbleib and Nelson, 2006). It was first identified in Drosophila to influence organ size
and planar polarity through heterophilic interactions with its binding partner, another giant
cadherin Fat (Adler et al., 1998; Clark et al., 1995; Yang et al., 2002). In Drosophila, a Golgiassociated kinase, Four-jointed (Fj), is involved in the modulation of Ds-Fat interactions to
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regulate tissue polarity (Brittle et al., 2010; Cho and Irvine, 2004; Simon, 2004; Simon et al.,
2010). Current evidence places the Fat/Ds/Fj module upstream and/or in parallel to the core
planar cell polarity (PCP) signaling pathway in regulation of tissue polarity (Adler et al., 1998;
Casal et al., 2006; Donoughe and DiNardo, 2011; Ma et al., 2003; Matakatsu and Blair, 2004;
Matis et al., 2014; Yang et al., 2002).
dachsous is evolutionarily conserved, with two homologs in mammalian genomes and
three in zebrafish (Li-Villarreal et al., 2015; Mao et al., 2011). Dchs1 neonatal mutant mice
manifest abnormalities in multiple organs, such as kidney growth and skeletal morphogenesis
defects (Bagherie-Lachidan et al., 2015; Kuta et al., 2016; Mao et al., 2015; Mao et al., 2016;
Mao et al., 2011). Zebrafish mutants lacking both maternal and zygotic function of dchs1b
(MZdchs1b) display many defects during embryogenesis, including abnormal cleavages and
gastrulation movements (Li-Villarreal et al., 2015), revealing conserved and novel functions of
Dchs in vertebrate development. Mutations in human DCHS1 homolog have been implicated in
Van Maldergem syndrome that includes periventricular neuronal heterotopia. Knockdown of
Dchs1 in mouse embryonic brain leads to abnormal localization of neural progenitor cells,
reminiscent of the human periventricular neuronal heterotopia phenotype (Cappello et al., 2013).
Moreover, recent studies also link mitral valve prolapse, a cardiac valve disease, to DCHS1
mutations (Durst et al., 2015). The broad involvement of Dchs cadherins in vertebrate
development and human disease underscores the need to understand the underlying mechanisms.
Several molecules have been identified in Drosophila that bind to the intracellular
domain (ICD) of Ds and affect downstream events. Lowfat, a cytoplasmic protein, binds to Ds
ICD and functions to modulate Ds/Fat expression levels (Mao et al., 2009), while the WD40repeat protein Riquiqui has been shown to interact with Ds ICD to control the Hippo signaling
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pathway (Degoutin et al., 2013). Recently, the SH3 domain protein Vamana/Dlish has emerged
as a novel interactor of Ds ICD to influence the downstream effector unconventional myosin
Dachs (Misra and Irvine, 2016; Zhang et al., 2016). Neither Vamana/Dlish nor Dachs homologs
have been identified in vertebrates.
Current studies also suggest that Dchs regulates cellular processes through the
microtubule cytoskeleton. In the Drosophila developing wing epithelium, Ds/Fat are thought to
provide directional cues to the core PCP components by regulating polarization of apical
microtubules (Harumoto et al., 2010; Matis et al., 2014). In zebrafish, defective organization of
the microtubule network is thought to underlie a subset of defects in MZdchs1b mutants,
including embryonic cleavages and epiboly (Li-Villarreal et al., 2015). However, the molecular
mechanisms through which the transmembrane protein Dchs influences microtubule
cytoskeleton remain unknown.
Here we report that MZdchs1b zebrafish mutants exhibit cleavage furrow progression
defects and impaired assembly of midzone microtubules during cytokinesis. We provide
evidence that these defects are associated with decreased dynamics of microtubules during
embryonic cleavages, implying Dchs1b promotes microtubule dynamics. We identify Ttc28, a
tetratricopeptide (TPR) motif-enriched cytoplasmic protein, as a molecular link between Dchs1b
and microtubule dynamics. We show that Dchs1b interacts via a conserved motif within its ICD
with the TPR motif of Ttc28, and regulates its subcellular distribution in zebrafish blastulae. Our
experiments attribute the microtubule dynamics and embryonic cleavage defects in MZdchs1b
mutants to mis-localized Ttc28 during cleavage stages. Overexpression of Ttc28 disrupts
embryonic cleavages and decreases microtubule dynamics, whereas loss of Ttc28 increases
microtubule dynamics. Moreover, genetic inactivation of ttc28 in MZdchs1b mutants suppressed
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the microtubule dynamics and midzone microtubule defects, indicating that Ttc28 functions
downstream of Dchs1b to influence microtubule dynamics. Taken together, our studies identify
Ttc28 as a novel interactor of Dchs1b to control microtubule dynamics during embryonic cell
divisions.

3.3 Results
3.3.1 Loss of dchs1b results in cleavage furrow progression defects
We first investigated the mechanisms through which Dchs1b regulates early cleavages in
zebrafish by employing the Tg[βactin2:GCaMP6s]stl351 transgenic line (Chen et al., 2017), which
allows detection of calcium signaling associated with cleavage furrow initiation, propagation,
and deepening (Webb et al., 1997). In contrast to the stereotypical calcium-signaling pattern
associated with synchronous cleavages that occur at about 15-minute intervals in wild-type (WT)
embryos (Kimmel et al., 1995), we observed using time-lapse confocal imaging aberrant calcium
activities in cleavage-stage MZdchs1bfh275/fh275 mutants that harbor a strong/null nonsense
mutation in this gene (Li-Villarreal et al., 2015) (Fig. 3.1A). Whereas the calcium signals
marking furrow initiation were usually positioned perpendicular to the preceding cleavage
furrow in WT embryos, they were positioned at various angles in MZdchs1b mutants (Fig. 3.1B
and 3.2A). In addition, MZdchs1b embryos displayed impaired propagation of furrow calcium
signaling distally and delayed furrow deepening (Fig. 3.1C and 3.1D), indicating cytokinesis
defects.
To test whether cytokinesis anomalies could lead to aberrant furrow calcium activities,
we treated WT Tg[βactin2:GCaMP6s]stl351 zygotes with Aurora B inhibitor ZM447439.
Consistent with the role of zebrafish Aurora B in cytokinetic furrow extension and establishment
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(Yabe et al., 2009), we found that cleavage furrow calcium signaling was positioned normally
but failed to propagate distally after ZM447439 treatment (Fig. 3.2C-E). These observations
further support the conclusion that dchs1b mutants exhibit cytokinesis defects during embryonic
cleavages. Moreover, using confocal imaging for γ-Tubulin and DNA staining, we detected
mitotic and cytokinesis defects in MZdchs1b mutants at 2.5 hours post fertilization (hpf),
including polyploidy, chromatin bridges, multipolar spindles, and micronuclei (Fig. 3.1E, 3.1F
and 3.2B). These data indicate that dchs1b is required for normal cell divisions during early
zebrafish embryogenesis.
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Figure 3.1 Disrupted embryonic cleavages in MZdchs1b.
(A) Representative time-lapse still images of cleavage furrow calcium signaling indicated by
Tg[βactin2:GCaMP6s]stl351 during 2-4 cell stage in WT and MZdchs1b. Scale bar, 300 µm.
(B) Quantification of cleavage furrow orientation by monitoring calcium signaling in WT and
MZdchs1b at 2-4 cell stage.
(C) Quantification of calcium signaling dynamics during furrow propagation in WT and
MZdchs1b at 2-4 cell stage.
(D) Quantification of the preceding furrow calcium signaling width at the onset of second
cleavage in WT and MZdchs1b. *** P<0.001. Error bars represent standard deviation.
(E) Representative images of mitotic and cytokinesis events in the blastomeres stained using γTubulin (green) antibody and counterstained with DAPI (blue). Scale bar, 30 µm.
(F) Quantification of mitotic events in WT and MZdchs1b embryos at 2.5 hpf. N, number of
embryos. n, number of cells counted.
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Figure 3.2 Cleavage defects in MZdchs1b and abnormal cleavage furrow-associated
calcium activities after Aurora B inhibition in WT.
(A) Quantification of cleavage plane orientations in WT and MZdchs1b embryos between 8-cell
and 64-cell stages.
(B) Representative images of WT and MZdchs1b blastomeres labeled with membrane-RFP (red)
and H2B-GFP (green) at 3 hpf. The arrowheads denote the abnormal mitotic events. Scale bar,
30 µm.
(C) Representative time-lapse still images of cleavage furrow calcium signaling in
Tg[βactin2:GCaMP6s]stl351 embryos following 400 µM Aurora B inhibitor ZM447439
treatment. Scale bar, 150 µm.
(D) Quantification of furrow initiation orientation in DMSO control and ZM447439-treated
Tg[βactin2:GCaMP6s]stl351 embryos. ns, not significant.
(E) Quantification and comparison of the cleavage furrow-propagation calcium signaling in
DMSO control and ZM447439-treated Tg[βactin2:GCaMP6s]stl351 embryos at 2-4 cell stage. N,
number of embryos.
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3.3.2 Dchs1b promotes microtubule dynamics during embryonic cleavages
The regulation of microtubule dynamics is critical during mitosis and cytokinesis, and both astral
and spindle midzone microtubules contribute to the specification of a cleavage furrow
(Bringmann and Hyman, 2005; Eggert et al., 2006). As our earlier work revealed abnormal
microtubule organization in MZdchs1b mutants (Li-Villarreal et al., 2015), we hypothesized that
the observed mitotic and cytokinesis defects in MZdchs1b mutants are due to mis-regulated
microtubules. To explore dynamic microtubule organization during mitosis and cytokinesis in
MZdchs1b mutants, we performed confocal time-lapse imaging during cleavage stages using
Tg[ef1a:dclk-GFP] transgenic line in which microtubules are labeled with GFP (Tran et al.,
2012). We found that midzone microtubule assembly during cytokinesis was significantly
delayed in MZdchs1b mutants in comparison with WT (Fig. 3.3A and 3.3B), and, strikingly, in
some mutant blastomeres the midzone microtubules failed to coalesce into a midbody, resulting
in cytokinesis failure (Fig. 3.3A). The above data indicate that irregular midzone microtubule
assembly can contribute to the cytokinesis defects in MZdchs1b mutants.
To test whether the midzone microtubule defects in MZdchs1b mutants were associated
with altered microtubule dynamics, we examined microtubules by confocal microscopy in the
yolk cytoplasmic layer (YCL), a thin layer in the yolk cortex. During cleavage stages,
microtubules originate from the marginal blastomeres and extend along the animal-vegetal
embryonic axis into the YCL (Solnica-Krezel and Driever, 1994). We found that the YCL
microtubules depolymerize and polymerize from the animal toward the vegetal pole in a cell
cycle-dependent manner, giving rise to a zone of low microtubule density between the trailing
edge of depolymerizing microtubules and the leading edge of polymerizing microtubules during
consecutive cell cycles (Fig. 3.3C). By quantifying the microtubule density from confocal timelapse imaging, we found that compared to WT, YCL microtubules in MZdchs1b mutants
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exhibited slower turnover rate and often failed to form a microtubule low-density zone (Fig. 3.3C
and 3.3D). On average, the microtubule density in MZdchs1b mutants was reduced to 49.4±9.3%
of its maximal density, in contrast to 16.3±2.6% in WT embryos (Fig. 3.3D). Similarly reduced
microtubule dynamics in MZdchs1b mutants were also observed using a different microtubulelabeling transgenic line Tg[βactin2:EMTB-3xGFP] (Wuhr et al., 2010) (Fig. 3.12A and 3.12B).
Based on these results, we propose that Dchs1b promotes microtubule dynamics during
embryonic cleavages.
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Figure 3.3 Midzone microtubule assembly and YCL microtubule dynamics defects in
MZdchs1b.
(A) Representative time-lapse still images of microtubule dynamics during cytokinesis in WT
and MZdchs1b embryos using Tg[ef1α:dclk-GFP]. Arrowheads denote the initial midzone
microtubule width. Scale bar, 30 µm.
(B) Quantification of the midzone microtubule assembly activities in WT and MZdchs1b. ****
P<0.0001. Error bars represent SEM.
(C) Representative time-lapse still images of YCL microtubules marked with Tg[ef1a:dclk-GFP]
during cleavage stages in WT and MZdchs1b. A, animal pole; V, vegetal pole. Scale bar, 30 µm.
(D) Quantification of YCL microtubule density during individual cell cycles from the time-lapse
movies in WT and MZdchs1b. N, number of embryos. Error bars represent SEM.
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3.3.3 Dchs1b physically interacts with Ttc28
The above observations are consistent with a model whereby Dchs1b influences microtubule
dynamics to contribute to the regulation of embryonic cleavages. Ds and Fat have been proposed
to control microtubule polarization to orient PCP core components in the developing Drosophila
wing (Harumoto et al., 2010; Matis et al., 2014). However, it is still unknown mechanistically
how Dchs could affect microtubule polarity or dynamics. To identify a molecular link between
Dchs and microtubules, we performed affinity purification-mass spectrometry (AP-MS)
experiments using the intracellular domain of rat Dchs1 (Dchs1-ICD) in HEK293 cells (Fig.
3.4A). One of the top hits from these experiments, TTC28/TPRBK, a tetratricopeptide (TPR)
motif-enriched cytoplasmic protein, has been previously implicated by studies in mammalian
cells in the regulation of mitosis and cytokinesis via binding to Aurora B, a known regulator of
microtubules during cell divisions (Izumiyama et al., 2012). The zebrafish ttc28 homolog is
highly conserved in vertebrates (Fig. 3.4B) and is ubiquitously expressed during cleavage and
blastula stages, with its transcripts becoming enriched in neural tissues at 1day post fertilization
(dpf) (Fig. 3.7A and 3.7B). This novel interaction between mammalian DCHS1 and TTC28 is
also conserved in zebrafish, as co-immunoprecipitation (Co-IP) experiments performed in
HEK293 cells demonstrated that zebrafish Ttc28 interacted with both full length Dchs1b and
Dchs1b-ICD (Fig. 3.5A, 3.5B, 3.6A and 3.6B). Further experiments showed that HA-Ttc28-N-1
but not HA-Ttc28-ΔN-1 co-immunoprecipitated with Dchs1b-ICD, indicating that Dchs1b-ICD
interacted with the N-terminal TPR domain and specifically with the first 15 TPR motif repeats
of Ttc28 (Fig.3.5C, 3.5D and 3.6C). To define the region of Dchs1b-ICD involved in this
interaction, we carried out deletion and truncation mapping of Dchs1b-ICD in Co-IP
experiments. These studies revealed that CM2, one of the three Dchs1b-ICD conserved motifs
(CM) (Hulpiau and van Roy, 2009), was necessary and sufficient to mediate the interaction with
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Ttc28-N (Fig. 3.5E, 3.5F, and 3.5H). Focusing on CM2, we observed that deleting CM2-N, the
first half of CM2, abolished the binding between Dchs1b-ICD and Ttc28-N (Fig. 3.5G and
3.5H). However, substitutions of every three contiguous residues within CM2-N to alanine could
not completely abolish the interaction with Ttc28-N (Fig. 3.5H and 3.5I), suggesting Dchs1bICD interacts with Ttc28-N through several residues in the conserved CM2-N motif. It is
noteworthy that the evolutionarily conserved 356-residue Dchs1b-ICD is predicted to be almost
entirely disordered except for a near 40-residue region comprising the CM2 motif (Oates et al.,
2013) (Fig.3.5H). This length of amino-acid sequence is typically insufficient to support a selfcontained higher order structure, but it can form an oligomerization domain or assume a highly
ordered conformation upon interacting with another protein (Yegambaram et al., 2013).
Cumulatively, these data indicate that the interaction between Ttc28 and Dchs1b is conserved
from zebrafish to mammals and depends on the N-terminal TPR motifs of Ttc28 and the CM2-N
motif of Dchs1b-ICD.
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Figure 3.4 Identification of Ttc28 as a Dchs1b binding protein.
(A) Heatmap of the raw spectral count data for two biological repeats of Dchs1-ICD pull-down
in comparison with control from the AP-MS experiments. The arrow marks TTC28 AP-MS
results.
(B) Schematic of TTC28 sequence identity and similarity from difference species.
(C) Representative still images of HA-Ttc28-mCherry (magenta) and H2B-GFP (green) during
cell divisions at 2.5-3 hpf. Scale bar, 30 µm.
(D) Representative images showing the co-localization of HA-Ttc28-mCherry (magenta) and
centrosome marker Xcentrin-GFP (green) in WT embryos at 2.5-3 hpf. Scale bar, 30 µm.
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Figure 3.5 Dchs1b interacts with the N-terminal TPR motifs of Ttc28 via its ICD CM2-N
motif.
(A) Co-IP assays of HA-Ttc28 with full-length Dchs1b-sfGFP or membrane-GFP.
(B) Co-IP assays of Flag-Dchs1b-ICD with HA-Ttc28.
(C) Co-IP assays of Flag-Dchs1b-ICD with HA-Ttc28-N, HA-Ttc28-N-1, or HA-Ttc28-ΔN-1.
(D) Schematic of Ttc28 truncation constructs and the results of Ttc28 deletion mapping.
(E) Co-IP assays of HA-Ttc28-N with Flag-Dchs1b-ICDΔCM1, Flag-Dchs1b-ICDΔCM2, or
Flag-Dchs1b-ICDΔCM3.
(F) Co-IP assays of HA-Ttc28-N with Flag-Dchs1b-ICD-N1, Flag-Dchs1b-ICD-N2, or FlagDchs1b-ICD-N3.
(G) Co-IP assays of HA-Ttc28-N with Flag-Dchs1b-ICD, Flag-Dchs1b-ICDΔCM2-N, or FlagDchs1b-ICDΔCM2-C.
(H) Schematic of Dchs1b-ICD deletion and truncation constructs and sequence alignment of
Dchs CM2 motifs from different species. Disorder consensus bar, intensity of green corresponds
to the strength of the consensus disorder agreement among 8 prediction algorithms(Oates et al.,
2013). Red line, residues of zebrafish Dchs1b involved in Ttc28 interaction.
(I) Co-IP assays of HA-Ttc28-N with various Flag-Dchs1b-ICD CM2-N mutation constructs.
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Figure 3.6 Deletion mapping to identify the binding regions of Dchs1b and Ttc28.
(A) Co-IP assays of full-length Dchs1b-sfGFP with full-length HA-Ttc28. α-HA antibody was
used to immunoprecipitate the cell lysates, which were immunoblotted with α-GFP and α-HA
antibodies.
(B) Co-IP assays of Flag-Dchs1b-ICD with full-length HA-Ttc28. α-Flag antibody was used to
pull down the immunoprecipitates.
(C) Co-IP assays of HA-Ttc28 or HA-Ttc28-N with Flag-Dchs1b-ICD.
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3.3.4 Dchs1b regulates Ttc28 subcellular distribution
Next, we sought to understand whether the interaction between Dchs1b and Ttc28 could
influence Ttc28 subcellular distribution in vivo. To address this, we injected synthetic RNA
encoding HA-Ttc28-mCherry (600 pg) into one-celled WT zygotes and used confocal
microscopy to examine the resulting blastulae at 3-4 hpf. We observed that HA-Ttc28-mCherry
was enriched in the perinuclear region, including the centrosomes, and at the plasma membrane
(Fig. 3.7C, 3.4C, and 3.4D). Interestingly, when Dchs1b-sfGFP was co-expressed with HATtc28-mCherry, the accumulation of HA-Ttc28-mCherry at the centrosomes was reduced and it
mostly co-localized with Dchs1b-sfGFP at the plasma membrane (Fig. 3.7C-E and 3.8A).
Further, we observed HA-Ttc28-N-mCherry, but not HA-Ttc28-ΔN-1-mCherry, was recruited to
the plasma membrane by Dchs1b-sfGFP (Fig. 3.8B and 3.8C), consistent with the Co-IP results.
Conversely, in MZdchs1b mutant blastulae, the plasma membrane localization of HA-Ttc28mCherry was strongly reduced (Fig. 3.7C and 3.7D). We interpret these data to mean that
Dchs1b is sufficient and required to recruit Ttc28 to the plasma membrane and consequently that
Dchs1b regulates subcellular Ttc28 distribution.
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Figure 3.7 Dchs1b regulates Ttc28 subcellular localization.
(A) RT-PCR assays to compare the expression levels of ttc28 at different developmental stages
in zebrafish.
(B) The expression patterns of ttc28 revealed by whole mount in situ hybridization at 8-cell stage
(1.15 hpf), 4.3 hpf, and 1 dpf in zebrafish. ttc28 sense probe was used as a negative control.
(C) Representative images showing the subcellular localizations of HA-Ttc28-mCherry
(magenta) with membrane GFP (green) or Dchs1b-sfGFP (green) in the WT and MZdchs1b
blastomeres at 3-4 hpf. Scale bar, 30 µm.
(D) Quantification of the relative HA-Ttc28-mCherry intensity at the plasma membrane and
centrosome normalized to cytoplasmic signal in the various injected conditions. n, number of
cells quantified. ns, not significant. **** P<0.0001.
(E) Mosaic analyses of HA-Ttc28-mCherry and Dchs1b-sfGFP interaction in vivo. HA-ttc28mCherry RNA was injected at 1-cell stage and dchs1b-sfGFP RNA was subsequently injected
into one of the blastomeres at 8-cell stage. Confocal imaging was performed at 3-4 hpf. Scale
bar, 30 µm.
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Figure 3.8 Ttc28 is recruited by Dchs1b to the plasma membrane through its N-terminal
TPR motifs.
(A) Related to Figure 4A, quantification of HA-Ttc28-mCherry signal intensity at the cytoplasm,
plasma membrane, and centrosome before normalization to the signal in the cytoplasm.
(B) Representative images of the subcellular localizations of HA-Ttc28-mCherry, HA-Ttc28-NmCherry, and HA-Ttc28-ΔN-1-mCherry (magenta) together with membrane GFP/H2B-GFP
(green) at 3-4 hpf. Scale bar, 30 µm.
(C) Representative images of the subcellular localizations of HA-Ttc28-mCherry, HA-Ttc28-NmCherry, and HA-Ttc28-ΔN-1-mCherry (magenta) together with Dchs1b-sfGFP and H2B-GFP
(green) at 3-4 hpf. Scale bar, 30 µm.
(D) Quantification of mitotic defects in mCherry control, HA-Ttc28-mCherry, HA-Ttc28-NmCherry, and HA-Ttc28-ΔN-1-mCherry overexpressing embryos at 4-5 hpf. N, number of
embryos. n, number of cells counted.
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3.3.5 Excess Ttc28 disrupts embryonic cleavages and reduces microtubule
dynamics
We reasoned that mis-localized Ttc28 in MZdchs1b mutant blastomeres could contribute to the
abnormal embryonic cleavages. Consistent with this hypothesis, injection of increasing amounts
of HA-Ttc28-mCherry but not mCherry control RNA (900 pg) into WT zygotes, led to reduced
YCL microtubule dynamics during early cleavages (Fig. 3.9A and 3.9B). Overexpression of HATtc28-mCherry also resulted in mitosis and cytokinesis defects at 4-5 hpf (Fig. 3.9C and 3.9D),
similar to those observed in MZdchs1b mutants (Fig. 3.1E and 3.1F). Excess HA-Ttc28-mCherry
in MZdchs1b mutants slightly enhanced the mitotic defects (Fig. 3.9D). In addition, both HATtc28-N-mCherry and HA-Ttc28-ΔN-1-mCherry mis-expression in WT embryos led to cell
division defects, albeit less frequently compared to HA-Ttc28-mCherry (Fig. 3.8D). These
results imply that the TPR domain of Ttc28 can induce embryonic cleavage defects and that
interaction with Dchs1b is not essential for this activity. Moreover, Ttc28 is sufficient to
influence microtubule dynamics during embryonic cleavages.
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Figure 3.9 Ttc28 is sufficient to influence embryonic cleavages and YCL microtubule
dynamics.
(A) Representative time-lapse still images of YCL microtubules in mCherry and HA-Ttc28mCherry RNA injected Tg[ef1a:dclk-GFP] WT embryos at 1.75-2.5 hpf. Scale bar, 30 µm.
(B) Quantification of YCL microtubule density in mCherry control and HA-Ttc28-mCherry
overexpressing embryos at 1.75-2.5 hpf. Error bars represent SEM. N, number of embryos.
(C) Representative images of blastomeres stained with γ-Tubulin (green) and counterstained with
DAPI (blue) in WT and MZdchs1b embryos at 4-5 hpf injected with either mCherry or HAttc28-mCherry RNA at 1 cell stage. Scale bar, 30 µm.
(D) Quantification of mitotic events in WT blastulae 4-5 hpf injected with mCherry or HA-ttc28mCherry RNA at 1 cell stage. N, number of embryos. n, number of cells counted.
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3.3.6 ttc28 genetically interacts with dchs1b to regulate microtubule dynamics
To investigate further Ttc28 function during zebrafish embryogenesis, we generated ttc28
zebrafish mutants using the CRISPR/Cas9 approach (Jinek et al., 2012). The resulting frameshifting indel ttc28stl362 and ttc28stl363 mutations greatly reduced level of ttc28 transcripts
indicating that they represent strong/null alleles (Fig. 3.10A and 3.10B). Although no overt
morphological anomalies were observed in zygotic or MZttc28stl363/stl363 mutants (thereafter
MZttc28 mutants) (Fig. 3.11A-C and data not shown), we observed increased YCL microtubule
dynamics in MZttc28 mutants during early cleavages (Fig. 3.10C, 3.10D, 3.12A, and 3.12B).
Consistently, midzone microtubules assembled faster in MZttc28 compared to WT blastulae
(Fig. 3.13A), supporting the notion that Ttc28 limits microtubule dynamics.
To test whether ttc28 genetically interacts with dchs1b, we generated MZdchs1b;
MZttc28 compound mutants and examined the YCL microtubule dynamics in comparison with
MZdchs1b single mutants. Time-lapse analyses revealed that the reduced YCL microtubule
dynamics observed in MZdchs1b single mutants was partially suppressed in MZdchs1b;
MZttc28 compound mutants (Fig. 3.10E and 3.10F). Likewise, the midzone microtubule
assembly delay we observed in MZdchs1b single mutants (Fig. 3.3A and 3.3B) was also
suppressed in MZdchs1b; MZttc28 compound mutants (Fig. 3.13B). We conclude that Ttc28 acts
downstream of Dchs1b to influence microtubule dynamics during early cleavages. We note that
mitosis and cytokinesis defects were still detected in MZdchs1b; MZttc28 mutants at a frequency
comparable to that observed in MZdchs1b single mutants (Fig. 3.12C), implying the suppression
of microtubule dynamics and the midzone microtubule assembly defects is insufficient to
normalize cleavages. Given the presence of additional abnormalities in MZdchs1b mutants
compared to MZttc28 mutants, such as cleavage furrow mis-positioning (Fig. 3.1B and 3.2A), it
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is likely that Dchs1b engages in interactions with additional molecules to mediate other aspects
of embryonic cleavages.

104

105

Figure 3.10 Ttc28 is required to regulate YCL microtubule dynamics.
(A) Schematic of ttc28 sgRNA targeting site and the sequences of ttc28stl362 and ttc28stl363 mutant
alleles.
(B) qPCR analyses of ttc28 transcript levels in WT, MZttc28stl362/stl362, and MZttc28stl363/stl363
mutants at 2-cell stage. Two different sets of primers were used and normalized to β-actin. Error
bars represent standard deviation. N=3 biological repeats.
(C) Representative time-lapse still images of YCL microtubules in WT and MZttc28 using
Tg[ef1a:dclk-GFP] transgenic embryos at 1.75-2.5 hpf. Scale bar, 30 µm.
(D) Quantification of YCL microtubule density from time-lapse movies in WT and MZttc28
embryos at 1.75-2.5 hpf. Error bars represent SEM. N, number of embryos.
(E) Representative time-lapse still images of YCL microtubules in WT, MZdchs1b single
mutants, and MZdchs1b; MZttc28 compound mutants in Tg[ef1a:dclk-GFP] transgenic
background at 1.75-2.5 hpf. Scale bar, 30 µm.
(F) Quantification and comparison of YCL microtubule density among WT, MZdchs1b and
MZdchs1b; MZttc28 at 1.75-2.5 hpf. N, number of embryos.
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Figure 3.11 ttc28 mutants exhibit normal furrow calcium activities during cleavage stage.
(A-C) Quantification of cleavage furrow calcium activities in WT and MZttc28stl363 at 2-4 cell
stage. N, number of embryos. ns, not significant. Error bars represent standard deviation.

107

Figure 3.12 Analyses of YCL microtubule dynamics in Tg[β actin2:EMTB-3xGFP]
transgenic background.
(A) Representative time-lapse images of YCL microtubules in WT, MZdchs1b, and MZttc28stl362
during cleavage stages using Tg[βactin2:EMTB-3xGFP] transgene at 1.75-2.5 hpf.
(B) Quantification and comparison of YCL microtubule density among WT, MZdchs1b and
MZttc28stl362 at 1.75-2.5 hpf. N, number of embryos.
(C) Comparison of mitotic events in WT, MZdchs1b, and MZdchs1b; MZttc28 embryos at 3 hpf.
N, number of embryos. n, number of cells counted.
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Figure 3.13 Ttc28 is required for limiting midzone microtubule assembly activity.
(A) Quantification of midzone microtubule assembly rates in WT and MZttc28 blastulae at 1.752.5 hpf. **** P<0.0001. Error bars represent SEM.
(B) Quantification of midzone microtubule assembly rates in WT, MZdchs1b, and MZdchs1b;
MZttc28 blastulae at 1.75-2.5 hpf. **** P<0.0001. Error bars represent SEM.
(C) Model of Dchs1b interacting with Ttc28 to control microtubule dynamics and embryonic
cleavages in zebrafish.
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3.4 Discussion
Dachsous cadherins play essential roles in diverse developmental processes, from egg activation,
early cleavages, embryo patterning, gastrulation movements, neuronal migration, through tissue
polarity and growth during organogenesis, in Drosophila, zebrafish and mammals. Whereas
recent studies in Drosophila and zebrafish proposed that Dchs functions through regulation of
actin and microtubule cytoskeleton (Harumoto et al., 2010; Li-Villarreal et al., 2015; Matis et al.,
2014), the molecular links between Dchs and microtubules remain to be identified. Our current
findings define a molecular mechanism through which Dchs1b regulates microtubules during
embryonic cleavages. Through studies in mammalian cells and zebrafish, we demonstrate that
Dchs ICD interacts with Ttc28 protein, which has been previously implicated in regulation of
mammalian cell division through its interaction with Aurora B (Izumiyama et al., 2012). We
show Dchs1b interacts with Ttc28 via its ICD CM2-N motif to regulate Ttc28 subcellular
distribution. Based on these biochemical and genetic epistasis experiments, we propose that
during embryonic cleavages in zebrafish, Ttc28 binds to and acts downstream of Dchs1b to limit
microtubule dynamics and ensure proper midzone microtubule assembly (Fig. 3.13C).
Our previous studies demonstrated embryonic cleavage abnormalities in MZdchs1b
mutants, but how loss of Dchs1b function leads to these defects was unknown (Li-Villarreal et
al., 2015). Here we provide evidence that impeded cytokinetic furrow progression during
cleavage stages is responsible for the embryonic cleavage defects in MZdchs1b mutants (Fig.
3.1). Moreover, these cytokinesis defects are associated with and likely caused by aberrant
midzone microtubule assembly. Consistent with this model, extensive studies in different model
organisms and mammalian cultured cells have shown that perturbing midzone microtubules or
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proteins involved in microtubule regulation impairs or blocks cytokinesis (D'Avino et al., 2005;
Eggert et al., 2006).
Previously, Ds has been suggested to control microtubule organization and polarity in
Drosophila pupal wing epithelium (Gomez et al., 2016; Harumoto et al., 2010; Matis et al.,
2014). Our work indicates that Dchs1b can also regulate microtubule dynamics. Taking
advantage of the unique thin yolk cytoplasmic layer (YCL) of the early zebrafish embryo in
which elaborate microtubule arrays are known to function (Solnica-Krezel and Driever, 1994;
Strahle and Jesuthasan, 1993), we observed dynamic assembly and disassembly of microtubule
arrays during early cleavages, allowing us to examine microtubule dynamics in vivo. These
analyses revealed that the YCL microtubules display reduced dynamics in MZdchs1b mutants
using two different transgenic lines in which microtubules are marked with different GFP fusion
proteins (Tran et al., 2012; Wuhr et al., 2010) (Fig. 3.3C, 3.3D, 3.12A, and 3.12B). During
cytokinesis, astral microtubules elongating from the two spindle poles are thought to contact at
the equator to initiate furrow specification and ingression, and subsequently a signal originating
from the midzone is required to promote the completion of furrow ingression (Bringmann and
Hyman, 2005). We reasoned that reduced microtubule dynamics in MZdchs1b mutants could
compromise this process. Consistent with this notion, stabilizing microtubules by taxol in
mammalian cells delays cytokinetic furrow onset and prevents its completion (Shannon et al.,
2005).
Dchs is mostly thought to function as a ligand for Fat to control Fat-dependent signaling
activity. Drosophila and mammalian Ds/Dchs and Fat proteins are suggested to preferentially
interact in a heterophilic manner in vivo and in vitro (Matakatsu and Blair, 2004; Simon et al.,
2010). In the Drosophila eye, epistasis experiments suggest that Ds acts upstream of Fat to
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regulate PCP (Yang et al., 2002). Accordingly, driving expression of a Ds construct without the
ICD is sufficient to rescue the PCP phenotype in the Drosophila wing (Matakatsu and Blair,
2006). However, Ds has been shown to mediate Drosophila wing disc growth independent of Fat
and PCP signaling (Matakatsu and Blair, 2006), and Fat4 is thought to signal through Dchs1 to
regulate nephron progenitor proliferation during mouse kidney growth (Bagherie-Lachidan et al.,
2015; Mao et al., 2015). In addition, expression of Dchs1b ICD is sufficient to rescue the
bundled microtubule phenotype in the zebrafish YCL during epiboly, also supporting an
autonomous function of Dchs (Li-Villarreal et al., 2015). In this study, we uncover Ttc28 as a
novel interactor of Dchs1b that specifically binds to its ICD, consistent with a model where Dchs
directly influences intracellular processes (Fig. 3.13).
It is poorly understood how vertebrate Dchs functions, as most of the Ds interactors
identified in Drosophila, such as Dachs and Vamana, are lacking close homologs in vertebrates.
Sequence alignment of Dchs among different species identified three conserved motifs (CM1-3)
within its ICD that might be functionally relevant (Hulpiau and van Roy, 2009). We report here
that a conserved region in Dchs1b ICD (CM2-N) is essential for its interaction with Ttc28, as
deleting CM2-N completely abolished the interaction (Fig. 3.5G and 3.5H). In addition, the
Dchs1b-Ttc28 interaction is vital for the ability of Dchs1b to regulate Ttc28 subcellular
distribution (Fig. 3.7C-E). Given the largely disordered nature of Dchs ICD except the CM2
motif (Fig. 3.5H), it is plausible that CM2 also mediates interactions with other proteins. We
note that proteins with tandem repeats of TPR motifs are thought to serve as scaffold proteins
(Zeytuni and Zarivach, 2012). Consistently, we show that the N-terminal region of TPR motifs in
Ttc28 is sufficient to mediate the interaction with Dchs1b ICD, and its subcellular distribution
could be influenced by Dchs1b (Fig. 3.5C, 3.5D and 3.8C). Sequence analyses indicate that the
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TPR domain of Drosophila Ttc28/CG43163 is poorly conserved in comparison with its
vertebrate homologs (Fig. 3.4B). In the future, it would be interesting to test whether the Ttc28Dchs1 interaction we described here does also occur in Drosophila. Moreover, Drosophila Fat is
thought to mediate PCP and Hippo signaling by altering the subcellular localization and activity
of the unconventional myosin Dachs (Cho and Irvine, 2004; Mao et al., 2006). It is possible that
Dchs1b regulates Ttc28 function in a similar manner, suggesting that binding via ICD and
regulating subcellular distribution of cytoplasmic proteins is a key mechanism through which
these giant cadherins regulate intracellular processes.
Although it remains unclear how Ttc28 influences microtubule dynamics, we speculate
this activity might relate to its centrosomal localization (Fig. 3.4D) and/or its binding to Aurora
B reported for the human TTC28 homolog (Izumiyama et al., 2012). TPR motifs present in other
proteins have been shown to be involved in centrosome localization. For instance, mutating the
TPR repeats of LGN/GPSM2 (G protein signaling modulator 2) protein results in its failure to
localize at centrosomes in mammalian cells (Zhu et al., 2011). It is likely that the TPR motifs of
Ttc28 can target it to the centrosomes, as we found HA-Ttc28-N-mCherry, containing only the
TPR motifs, could also localize at centrosomes (Fig. 3.8B). Moreover, we also observed HATtc28-ΔN-1-mCherry localizes at centrosomes (Fig. 3.8B), suggesting the TPR motifs involved
in centrosome targeting are different from those for Dchs1b ICD interaction. It is therefore
plausible that Ttc28 influences microtubules at the spindle poles during embryonic cleavages.
Alternatively, Ttc28 might function via its interaction with Aurora B, which has been implicated
in microtubule dynamics regulation during cell division (Nunes Bastos et al., 2013).
Critical roles of Ttc28 in development and disease are being increasingly recognized. We
note that Ttc28 knock-out mouse exhibits vertebral fusion phenotypes
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(http://www.informatics.jax.org/marker/MGI:2140873), similar to what has been reported for
Dchs1 mouse mutants (Kuta et al., 2016; Mao et al., 2016). In addition, TTC28 has been linked
to several human diseases, including cancer (Cancer Genome Atlas, 2012; Chang et al., 2017;
Fujimoto et al., 2016), but the underlying mechanisms are not understood. Hence, our findings
may provide molecular clues for further understanding the functions of Dchs and Ttc28 during
development and in human disease.
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3.5 Methods
Zebrafish lines
WT AB*, dchs1bfh275 (Li-Villarreal et al., 2015), Tg[βactin2:GCaMP6s]stl351 (Chen et al., 2017),
Tg[ef1α:dclk-GFP] (Tran et al., 2012), and Tg[βactin2:EMTB-3xGFP] (Wuhr et al., 2010) lines
were used in this study. All zebrafish experiments and procedures were performed in accordance
with the Institutional Animal Use and Care Committee of the Washington University School of
Medicine.

Cloning and RNA synthesis
The pCR4-dchs1b-sfGFP plasmid was linearized with EcoRI to synthesize RNA for
microinjection with a T7 promoter as described previously (Li-Villarreal et al., 2015). The open
reading frame of dchs1b-sfGFP was cloned into pCMV-sport6.1 for HEK293 cell transfection.
Flag-Dchs1b-ICD, Flag-Dchs1b-ICD-N1, Flag-Dchs1b-ICD-N2, and Flag-Dchs1b-ICD-N3
were constructed by PCR and cloned into pcDNA3.1. Flag-Dchs1b-ICDΔCM1, Flag-Dchs1bICDΔCM2, Flag-Dchs1b-ICDΔCM3, Flag-Dchs1b-ICDΔCM2-N, and Flag-Dchs1b-ICDΔCM2C constructs were generated by overlap extension PCR. The full-length coding sequence of ttc28
was generated by PCR from zebrafish cDNA and subcloned into pT7Ts vector in frame with
mCherry sequences by annealing extend PCR (Pont-Kingdon, 1997) for RNA synthesis. The
ttc28 coding sequence was cloned into pCMV-sport6.1 with a N-terminal HA tag for cell
transfection. HA-ttc28-N, HA-ttc28-N-1, HA-ttc28-ΔN-1, HA-ttc28-N-mCherry, and HA- ttc28ΔN-1-mCherry were constructed by PCR. All injected RNA were synthesized using SP6 or T7
mMessage mMachine Kit (Ambion).
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Confocal imaging
Furrow calcium imaging. Embryos were manually dechorionated with forceps and mounted in
0.3% low-melting agarose on a glass bottom dish (MatTek) before 40-50 minutes post
fertilization (mpf). Time-lapse live imaging was taken using a spinning-disk confocal
microscope (Olympus IX81, Quorum) with a 28.5°C chamber. Z-stack was set up at 3 µm for a
total of 50-55 slices, and the images were collected every 30 seconds from 2-cell to 16-32 cell
stage.

YCL Microtubule dynamics imaging. Embryos were mounted as described above at 8-16 cell
stage. Time-lapse imaging was performed using a spinning-disk confocal microscope (Olympus
IX81, Quorum) or Nikon spinning-disk confocal microscope with a 40X water lens at 28.5°C. Zstack was set up for a total of 17-20 µm for YCL microtubule imaging or 45-50 µm for midzone
microtubule imaging at 1 µm interval. Images were acquired every 15 seconds for YCL
microtubules or every minute for midzone microtubules from 32-cell to 256-cell stage. The YCL
microtubule density was analyzed using ImageJ Particle Analyzer plugin.

Generation of ttc28 mutants in zebrafish
We used CRISPR/Cas9 system (Hwang et al., 2013; Jao et al., 2013) to generate ttc28 mutant
zebrafish. In brief, one-celled WT zygotes were injected with 100 pg Cas9 synthetic RNA and
10 pg ttc28 sgRNA (5’-GGCATCAGTGGTGGTCCTGG-3’). Founders with germline
transmission of ttc28 mutation(s) were outcrossed with WT fish to generate F1, and ttc28stl362
containing 1 bp and ttc28stl363 containing 10 bp deletions were recovered from the F1 generation
by sequencing. Both ttc28stl362 and ttc28stl363 were used in the YCL microtubule dynamics
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imaging experiments. ttc28stl363 was crossed to dchs1bfh275 to test the genetic interaction between
ttc28 and dchs1b.

Immunostaining
Embryos were fixed in sweet PFA (4% paraformaldehyde, 4% sucrose in PBS pH7.3) at 4°C
overnight and stained as previously described (Li-Villarreal et al., 2015). Anti-γ-tubulin (T6557,
Sigma) was used as primary antibody (1:500) and Alexa Fluor 488 as secondary antibody
(1:500). Samples were counter stained with DAPI (0.4µg/ml final concentration) for 30 minutes
at room temperature and rinsed 3 times with PBS before imaging. Stained samples were mounted
in 1.0% low-melting agarose on a glass bottom dish (MatTek) for confocal imaging with a 60X
water lens.

Co-immunoprecipitation and immunoblotting
Transfected HEK293 cells were lysed in TNTE buffer (50mM Tris pH7.4, 150mM NaCl, 1mM
EDTA, 0.5% Triton X-100). Lysates were incubated with 15 µL prewashed Protein A/G beads
and 0.5-1.0 µg anti-Flag (Sigma, F1804), anti-HA (Roche, clone 3F10), or anti-GFP (Torrey
Pines, TP401) antibody for 2-4 hours or overnight at 4°C with agitation, followed by 3 washes in
TNTE wash buffer (0.1% Triton X-100). Inputs and immunoprecipitates were resolved on SDSPAGE and analyzed by immunoblotting. All Co-IP experiments were repeated as least 3 times.

Aurora B inhibitor treatments
Embryos were treated with pronase to remove chorion or manually dechorionated with forceps at
10-20 mpf, and subsequently incubated with DMSO or ZM447439 (20mM stock solution in
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DMSO, Tocris Bioscience 2458) in 1X Danieau solution. Embryos were treated with 400 µM
ZM447439 from 30 mpf to 55 mpf before mounting in 0.3% low melting agarose for live
confocal imaging.

RT-PCR, qPCR, and in situ hybridization
WT and ttc28 mutant embryo cDNA were prepared at various developmental stages using Trizol
(Invitrogen) and iScript cDNA synthesis kit (Bio-Rad). qPCR was performed using
SsoAdvanced SYBR Green Supermix (Bio-Rad) and CFX Connect Real-Time PCR Detection
system (Bio-Rad) with primers listed in Table 3.1. Whole mount in situ hybridization was carried
out as previously described (Thisse and Thisse, 2008). ttc28 sense control and antisense RNA
probes were synthesized using digoxigenin RNA labeling kit (Roche).

Statistical analyses
All statistical analyses were performed with PAST and Graphpad Prism 7 software. MardiaWatson-Wheeler test was used to compare the furrow calcium signaling initiation position
between WT and mutants. Furrow deepening calcium signaling widths were analyzed using
Student’s unpaired t-test. For midzone microtubule bundling experiments, paired student’s twotailed t-test was used to determine the difference between control and mutants. Tukey’s multiple
comparisons test was performed to determine the Ttc28-mCherry subcellular distribution
experiments. See figure legends for additional information about number of embryos used in
each experiment.
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Table 3.1 Nucleotide sequences of qPCR primers
ttc28_qF1
ttc28_qR1
ttc28_qF2
ttc28_qR2

GCGCTTCAGTCTCATCGCCGT
GGCAGACGAGGGTTTCCGACC
ACAGACCCCGGAGACCGACT
CCCACAACATTTTTAACAGCCCGGT
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Chapter 4: Chemokine Ligand Ccl19a.1 is
Required to Limit Maternal Wnt/β-catenin
Activity for Proper Axial Patterning in
Zebrafish
4.1 Introduction
In zebrafish as in other vertebrates, the formation of the dorsal embryonic organizers, the blastula
organizer or Nieuwkoop Center and later the gastrula organizer or Spemann-Mangold organizer
(SMO), are sufficient and necessary for proper axis specification during early embryonic
development (Schier and Talbot, 2005). After the onset of zygotic genome activation at the
midblastula transition (MBT, 2.75 hpf), several genes encoding secreted proteins, such as
chordin, squint, and transcriptional factors, such as, bozozok, and goosecoid, are activated in the
future dorsal margin, the zebrafish equivalent of the Xenopus Nieuwkoop Center, to mediate the
establishment of the SMO (Fekany et al., 1999; Schulte-Merker et al., 1994; Schulte-Merker et
al., 1997; Sirotkin et al., 2000; Solnica-Krezel and Driever, 2001). Conversely, signaling
molecules, such as Bmp2, Bmp4, and transcriptional repressors Vent and Vox that function to
promote ventral cell fate specification are initially expressed broadly, becoming limited ventrally
at later stages (Imai et al., 2001; Kawahara et al., 2000b). Genetic evidence indicates that
disruption of gene expression of either components can result in dorsoventral patterning defects
(Melby et al., 2000; Mullins et al., 1996; Schulte-Merker et al., 1997; Yamanaka et al., 1998),
underscoring the importance to maintain the balance between dorsal and ventral gene expression.
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The canonical Wnt/β-catenin signaling pathway plays an evolutionarily conserved role in
vertebrate axial patterning (Hikasa and Sokol, 2013; Langdon and Mullins, 2011). During early
embryogenesis in frog and zebrafish, canonical Wnt signaling regulates axis formation in a stage
specific manner. Soon after egg activation, dorsal determinants residing at the vegetal pole of the
egg are translocated asymmetrically via microtubules toward marginal blastomeres in which they
will activate canonical Wnt signaling and consequently dorsal axis specification. Recently, it has
been demonstrated that transcripts encoding Wnt11/5a in Xenopus and Wnt8a in zebrafish are
the dorsal determinants, they are translated into secreted ligands that elevate the level and
nuclear localization of maternal β-catenin, which in turn induces expression of genes promoting
formation of SMO and dorsal axis, like bozozok, after MBT (Cha et al., 2009; Lu et al., 2011)
(Fig. 4.1A). Consequently, impaired transport of dorsal determinants in maternal-effect zebrafish
tokkaebi/syntabulin mutants has been shown to result in ventralized phenotypes (Nojima et al.,
2010). In contrast to the function of the maternal Wnt/β-catenin pathway, zygotic Wnt/β-catenin
is thought to promote ventroposterior development and antagonize dorsoanterior specification.
Loss of zygotic function of wnt8 in zebrafish leads to expansion of dorsoanterior at the expense
of ventroposterior fates (Lekven et al., 2001), consistent with the above notion. Taken together,
the canonical Wnt/β-catenin pathway activity is required for axis formation and plays distinct,
indeed opposing, roles during maternal and zygotic phases.
β-catenin is a key downstream effector for the canonical Wnt signaling pathway. In
zebrafish, two β-catenin genes, β-catenin1/ctnnb1 and β-catenin2/ctnnb2, have been identified.
One study showed that injection of antisense morpholino (MO) against ctnnb1 in wild-type
embryos does not result in obvious embryonic defects, suggesting ctnnb1 is not necessary for
early embryogenesis (Bellipanni et al., 2006). However, inhibiting canonical Wnt signaling
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during late gastrulation with Wnt inhibitor Dkk1 has been shown to impair posterior tissue
specification (Martin and Kimelman, 2012). Moreover, the requirement of zygotic wnt8 in
anteroposterior specification, mentioned above, also indicates an essential role for Ctnnb in this
process. Thus, it remains to be determined whether genetic inactivation of ctnnb1 will cause any
embryonic defects. Maternal effect mutation in ctnnb2/ichabod (ich) greatly reduces maternal
ctnnb2 transcript levels, strongly impairing or completely inhibiting SMO formation (Bellipanni
et al., 2006; Kelly et al., 2000). Interestingly, zygotic ctnnb2 mRNA levels seem to be
comparable in ichabod mutants to those in WT embryos (Bellipanni et al., 2006), suggesting an
incomplete ctnnb2 loss-of-function, likely caused by a regulatory mutation. Given that ichabod
mutants only deplete maternal ctnnb2 mRNA, the zygotic function of ctnnb2 is still unclear. In
addition, genetic inactivation of both ctnnb1 and ctnnb2 genes is required to fully understand the
function of canonical Wnt signaling and its transcriptional effector, β-catenin, in axial patterning
and other aspects of embryogenesis.
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Figure 4.1 Schematic of the canonical Wnt signaling and Ccr7-mediated calcium signaling
in regulation of β-catenin.
(A) Canonical Wnt activation results in the stabilization and nuclear translocation of β-catenin to
increase Wnt downstream target gene expression. Ccl19a.1/Ccr7 is thought to trigger IP3induced calcium release to inhibit β-catenin level.
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As described in Chapter 2, Ca2+ signaling is involved in many aspects of early
embryogenesis, including in the process of axis formation in vertebrates (Webb and Miller,
2003). During these early stages of embryogenesis, Ca2+ is thought to be released from the
endoplasmic reticulum (ER) through the activation of inositol trisphosphate receptor (IP3R)
(Reinhard et al., 1995; Whitaker, 2006). In the zebrafish blastulae, Ca2+ transients, or transient
increases in Ca2+ concentration in the blastomeres that last 20-50 seconds, initiate at 32- to 128cell stages and are restricted to the enveloping layer (EVL) cells (Chen et al., 2017; Reinhard et
al., 1995). Such Ca2+ transients occur randomly and uniformly across the EVL before MBT, but
show a dorsal enrichment afterwards (Chen et al., 2017; Ma et al., 2009). In contrast to the
dorsal-biased Ca2+ transients, which might participate in the establishment and maintenance of
SMO after MBT, the early homogeneous EVL Ca2+ transients that precede MBT (32- to 1K-cell
stages) have been proposed to limit axis specification by inhibiting maternal Wnt/β-catenin
signaling. In Xenopus and zebrafish, suppression of intracellular Ca2+ release leads to increased
expression of Wnt/β-catenin-dependent dorsal cell fate genes and consequently dorsalized
phenotypes (Kume et al., 1997; Westfall et al., 2003b; Wu et al., 2012), consistent with a
negative role of Ca2+ signaling in regulation of the Wnt/β-catenin pathway activity during axis
specification. However, it remains unclear how Ca2+ signaling is modulated to antagonize the
Wnt/β-catenin signaling pathway during axis formation. It has been shown that injection of the G
protein-coupled receptor (GPCR) signaling inhibitor GDP-β-S is sufficient to inhibit intracellular
Ca2+ release during the early stages in frog and zebrafish, suggesting GPCRs as potential
mediators of Ca2+ signaling during axis formation (Slusarski et al., 1997a; Tao et al., 2005;
Westfall et al., 2003a).
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Several reports have implicated chemokine GPCRs in regulation of early embryogenesis
in vertebrates. Cxcr4 and its ligand SDF-1/Cxcl12 have been shown to control germ cell
migration in zebrafish and mouse (Doitsidou et al., 2002; Knaut et al., 2003; Molyneaux et al.,
2003). Ccr7 chemokine GPCR has recently been implicated as a negative regulator of maternal
β-catenin to limit axis formation in zebrafish (Wu et al., 2012). This report posited that Ca2+
signaling acts as a downstream effector of Ccr7 to inhibit maternal β-catenin level and nuclear
localization, as its overexpression in early zebrafish blastula leads to increased frequency of Ca2+
transients during blastula stage (Wu et al., 2012). However, the ligands regulating Ccr7 function
during this process are less understood. In mammals, Ccl19 and Ccl21 serve as Ccr7 agonists to
direct immune cell migration (Luther et al., 2002; Marsland et al., 2005; Mori et al., 2001). In
zebrafish, three ccl19 paralogs have been identified, and experiments interfering with
ccl19a.1/ccl19.1 translation using MOs have placed it upstream of Ccr7 in limiting maternal βcatenin (Wu et al., 2012) (Fig. 4.1A). However, a full characterization of ccl19 genes remains to
be carried out in zebrafish.
Here, we generated ctnnb1 and ctnnb2 zebrafish mutants and show these β-catenin
encoding genes play key roles in axial patterning and gastrulation movements. In addition, we
demonstrated that ccl19a.1 is required for dorsoventral patterning in zebrafish through
modulating maternal Wnt/β-catenin activity. Loss of ccl19a.1 function leads to mild
dorsalization, and ccl19a.1 genetically interacts with ichabod to regulate axis formation. By
contrast, ccl19a.1 is not required for zygotic Wnt/β-catenin activity. We also generated
additional ccl19s mutants for future characterization. Together, these results confirm and extend
our understanding about the role of Ctnnb1/2 and Ccl19a.1 in zebrafish axial patterning.
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4.2 Results
4.2.1 Generation and characterization of ctnnb1/2 mutants in zebrafish
We sought to investigate further the requirement for Ctnnb1/2 function during early zebrafish
embryogenesis by generating ctnnb1 and ctnnb2 mutants, and studying the phenotypes of single
and compound mutants. To generate ctnnb1 mutants, a pair of synthetic RNAs encoding specific
Transcription activator-like effector nucleases (TALENs) targeted to the third exon of ctnnb1
locus was injected into one-celled embryos (Fig. 4.2A). We recovered one allele that contains an
eight base pair (8 bp) deletion in the coding region of the ctnnb1 gene. This allele (ctnnb1stl343) is
predicted to result in an early premature stop codon and consequently, a truncated Ctnnb1
protein. In contrast to ctnnb1 morphant studies, which showed normal axial patterning following
ctnnb1 antisense MO injections (Bellipanni et al., 2006), we found posterior tissue
developmental deficiencies in zygotic ctnnb1 (Zctnnb1) mutant embryos at 1 dpf. Moreover,
Zctnnb1 mutants manifested heart edema during larval stage (Fig. 4.2A). It has been shown that
canonical Wnt signaling is required in the posterior body stem cells to specify somitic cell fates
in zebrafish. Using a heat shock inducible secreted Wnt inhibitor line (HS:dkk1) to temporally
suppress canonical Wnt signaling at late gastrulation, it was shown that formation of posterior
somites was disrupted while neural tissue was expanded (Martin and Kimelman, 2012). Hence,
our observations of truncated posterior tissues in Zctnnb1 mutants are consistent with these
studies, and imply that Ctnnb1 is required in specifying the posterior stem cell fates.
To test the zygotic function of ctnnb2, we used Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas9 method (Jinek et al., 2012) to produce ctnnb2 mutants,
ctnnb2stl367 and ctnnb2stl368, harboring indels in the third exon of the ctnnb2 locus (Fig. 4.2B).
Zygotic ctnnb2 (Zctnnb2) mutant embryos displayed mild posterior tissue developmental defects
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and survived to adulthood (data not shown), suggesting a partially redundant contribution of
Ctnnb2 and Ctnnb1 in posterior tissue specification. By contrast, maternal and zygotic ctnnb2
(MZctnnb2) mutants exhibited strong ventralized phenotypes (Fig. 4.2B), similar to the severe
ichabod mutant phenotypes (Kelly et al., 2000). To test further whether Ctnnb2 functions
redundantly with Ctnnb1 in embryonic patterning, we crossed ctnnb1+/-; ctnnb2+/- double
heterozygotes and examined the resulting progenies. We found one-quarter of the offspring
displayed truncated posterior tissue phenotypes of variable severity, and subsequent genotyping
indicated those showing posterior tissue defects were all homozygous for ctnnb1stl343. By
measuring the body length at 24 hpf, we found that loss of zygotic ctnnb2 dramatically enhanced
the posterior tissue developmental defects in the Zctnnb1 homozygous mutant group (Fig. 4.2C).
Together, these data indicate that Ctnnb1 plays a major role in posterior tissue development, and
zygotically expressed Ctnnb2 acts in a redundant fashion with Ctnnb1 to promote posterior tissue
formation.
It has been suggested that Ctnnb1 and Ctnnb2 function redundantly in early axial
patterning based on injecting ctnnb1 MO into ichabod/ctnnb2 mutants (Bellipanni et al., 2006).
Here we wished to generate maternal ctnnb1;ctnnb2 mutants to reveal a full role of these two
catenin genes in early embryonic patterning. However, we found that Zctnnb1-/- and Zctnnb1+/-;
Zctnnb2-/- were either not viable or infertile. Instead, we employed Michabod-/-; Zctnnb1+/compound mutants to examine the axial patterning in their progenies. In comparison with
Michabod-/- single mutants, at late gastrulation (12 hpf), we observed more cells accumulating at
the vegetal pole in Michabod-/-; Zctnnb1+/- and Michabod-/-; Zctnnb1-/- mutants (Fig. 4.2D). At 1
dpf, in contrast to the bipolar radialized phenotype in severe Michabod-/- single mutants with
embryonic structures at both the vegetal and animal poles, in Michabod-/-; Zctnnb1+/- and
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Michabod-/-; Zctnnb1-/- mutants most of the tissues were localized at the vegetal side. Strikingly,
in these vegetal structures of Michabod-/-; Zctnnb1-/- mutants, structures resembling eyes with
rudimentary lenses could be detected (Fig. 4.2D). By performing whole mount in situ
hybridization, we found that expression of paraxial mesoderm (papc) and axial mesoderm (ntl)
markers was strongly decreased in Michabod-/-; Zctnnb1-/- mutants (Fig. 4.2D). In addition,
posterior neural tissue-expressing gene hox2b was reduced, while expression of the anterior
neural marker otx2 was expanded in Michabod-/-; Zctnnb1-/- mutants (Fig. 4.2D). In summary,
these data support a key role of Ctnnb1/2 in anteroposterior embryonic patterning and regulation
of gastrulation movements.
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Figure 4.2 Characterization of ctnnb1 and ctnnb2 function in zebrafish embryogenesis.
(A) Schematic of ctnnb1stl343 allele sequence and the representative images of WT and Zctnnb1
mutant embryos at 1 dpf and 2 dpf. Arrowhead denotes the posterior trunk defects in Zctnnb1
mutants. Arrow points to the heart edema defects in Zctnnb1 mutants.
(B) Schematic of ctnnb2stl367 and ctnnb2stl368 alleles sequence, and the quantification of
ventralized phenotypes in MZctnnb2 mutant embryos in comparison with WT embryos. N,
number of embryos. Ventralized classification is described previously (Kishimoto et al., 1997).
(C) Quantification of body length at 24 hpf in the progeny of ctnnb1+/-; ctnnb2+/- double
heterozygotes. N, number of embryos. ****, p<0.0001.
(D) Representative bright field images and in situ images at various stages in the progeny of
Michabod-/-; Zctnnb1+/- mutants.
130

4.2.2 Mild dorsalization phenotype in MZccl19a.1 mutants
Previous studies in the laboratory using translation-interfering antisense morpholino
oligonucleotides identified the chemokine ligand Ccl19a.1/Ccl19.1 as a ligand for Ccr7 GPCR in
its activity to negatively regulate β-catenin and consequently to suppress dorsal organizer
formation in zebrafish (Wu et al., 2012). To understand how Ccl19a.1 participates in this
process, we generated frame-shifting indel ccl19a.1 mutants, ccl19a.1stl15 and ccl19a.1stl17, using
the TALEN method (Bogdanove and Voytas, 2011; Cermak et al., 2011; Dahlem et al., 2012)
(Fig. 4.3A). By performing quantitative reverse transcription-PCR (qRT-PCR), we showed that
ccl19a.1 transcript levels were significantly downregulated in mutants homozygous for either
allele at various developmental stages (Fig. 4.3B). These results indicate that the function of
Ccl19a.1 is likely strongly disrupted in the mutants. Zygotic ccl19a.1 mutant embryos were
largely normal without obvious axial patterning defects, suggesting zygotic Ccl19a.1 expression
is not required for axis specification. The zygotic role of Ccl19a.1 is further addressed below.
We noted that at late gastrulation MZccl19a.1stl15/stl15 and MZccl19a.1stl17/stl17 mutants exhibited
ovoid embryo shapes, in contrast to round shape of WT embryos (10.5 hpf, Fig. 4.3C),
suggesting mild dorsalization phenotypes. We reasoned that the mild dorsalization in
MZccl19a.1 mutants could be due to an increase of the SMO and its dorsalizing activities. This
hypothesis predicts that the mutants should be more sensitive to a low dose of ectopic β-catenin
expression. To test this, we injected 5 pg of ΔN-β-catenin synthetic RNA, encoding an Nterminal truncated, more stable form of β-catenin, into one-celled WT and MZccl19a.1 mutant
zygotes and analyzed their dorsoventral patterning during later development. At shield stage (6
hpf), we found that a higher fraction of the injected MZccl19a.1 mutant embryos displayed
enlarged and/or ectopic goosecoid (gsc) expression domains in comparison with ΔN-β-catenin
RNA-injected WT embryos (Fig. 4.3D). Moreover, ΔN-β-catenin RNA-injected MZccl19a.1
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embryos showed more elongated shapes indicative of stronger dorsalized phenotypes than the
control injected WT embryos at 10 hpf (Fig. 4.3D). Collectively, these results indicate that
Ccl19a.1 is required to modulate dorsoventral patterning activity in zebrafish.

Figure 4.3 MZccl19a.1 mutants exhibit mild dorsalized phenotypes.
(A) Schematic of the ccl19a.1 gene sequence with the position of the ccl19a.1stl15 and
ccl19a.1stl17 deletion alleles indicated.
(B) qRT-PCR results of ccl19a.1 expression in WT and MZccl19a.1 mutant embryos at
indicated stages. Error bars represent standard deviation.
(C) Representative images of WT and MZccl19a.1 mutant embryos at bud stage.
(D) Representative images of 5 pg ΔN-β-catenin synthetic RNA injected embryos in WT and
MZccl19a.1 mutant embryos. Arrowheads denote expanded or ectopic gsc expression domains.
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4.2.3 Mis-regulated dorsoventral patterning genes in MZccl19a.1 mutants
The above results suggest that Ccl19a.1 antagonizes β-catenin activity to limit dorsal organizer
formation. To test whether Wnt/β-catenin-mediated dorsoventral patterning genes are
misregulated, we carried out qRT-PCR experiments in MZccl19a.1 mutants and WT embryos.
We found that soon after MBT, at high stage (3.3 hpf), two of the dorsal organizer genes,
bozozok (boz) and chordin (chd), showed at least two-fold increase in MZccl19a.1 mutants (Fig.
4.4A). At sphere stage (4 hpf), the expressions of boz and chd remained elevated, and the gsc
gene expression was also slightly upregulated in the mutants (Fig. 4.4B). By contrast, the
expression of another dorsal gene mkp3 seemed unaltered at these stages (Fig. 4.4A and B),
suggesting loss of ccl19a.1 affects a subset of the dorsal cell fate genes. Consistent with the
increased expression of the dorsal organizer genes, we found that the ventral cell fate genes, ved,
vox, and vent, were downregulated in MZccl19a.1 mutants (Fig. 4.4C). The homeobox genes,
ved, vox, and vent, encode transcriptional repressors that have been shown to antagonize dorsal
organizer formation in frog and zebrafish (Imai et al., 2001; Kawahara et al., 2000a;
Onichtchouk et al., 1998; Shimizu et al., 2002). Their reduced expression in MZccl19a.1 mutants
is consistent with the elevated expression of boz and gsc genes, as the two sets of transcription
factors negatively regulate each other. In addition, at shield stage (6 hpf), ventrally expressed
genes bmp7a and sizzled (szl) also exhibited decreased expression in MZccl19a.1 mutants (Fig.
4.4D). Together, these results are consistent with the mild dorsalization of MZccl19a.1 mutants,
and suggest that this phenotype is manifest soon after the zygotic genome activation.
We next performed whole mount in situ hybridization experiments to examine the
expression patterns of dorsal and ventral cell fate genes. In agreement with the qRT-PCR results,
we observed that chd and gsc expression domains were expanded, while the ventrally expressed
gene szl exhibited reduced expression in MZccl19a.1 mutants (Fig. 4.4E-G). Taken together,
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these data suggest that Ccl19a.1 is required to limit dorsal organizer formation likely through
suppressing β-catenin activity.

4.2.4 ccl19a.1 genetically interacts with ichabod/ctnnb2
To explore further whether the genetically inactivation of ccl19a.1 can influence maternal βcatenin activity, we crossed ccl19a.1 mutants with maternal effect ichabod ventralized mutants.
Michabod-/- female fish with different ccl19a.1 genotypes (ccl19a.1+/+, ccl19a.1+/-, and ccl19a.1/-

) were crossed with WT males to evaluate ventralized phenotypes of their progeny at 1 dpf.

Through several independent experiments, we observed that the progeny from Michabod-/-;
ccl19a.1-/- mutant females displayed a spectrum of ventralized phenotypes that was shifted
toward WT phenotype compared to the progeny from Michabod-/-; ccl19a.1+/+ and Michabod-/-;
ccl19a.1+/- mutants (Fig. 4.5A and B). These results indicate that genetic inactivation of Ccl19a.1
function could partially compensate for reduced maternal β-catenin activity in ichabod mutants.
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Figure 4.4 Dorsal and ventral cell fate genes are mis-regulated in MZccl19a.1 mutants.
(A and B) qRT-PCR results of dorsal organizer genes in WT and MZccl19a.1 mutants at high
stage (3.3 hpf) and sphere stage (4 hpf). N≥3 independent experiments. Error bars represent
standard deviation.
(C and D) qRT-PCR results of ventral genes in WT and MZccl19a.1 mutants at high stage and
shield stage. N≥3 independent experiments. Error bars represent standard deviation.
(E-G) Whole mount in situ hybridization results of chd, gsc, and szl in WT and MZccl19a.1
mutant embryos at shield stage. N, Number of analyzed embryos with the presented phenotype.
****, p<0.0001.
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Figure 4.5 Genetic interaction between ccl19a.1 and ichabod/ctnnb2.
(A) Quantification of ventralized phenotypes in Michabod-/-; ccl19a.1stl15 mutants.
(B) Quantification of ventralized phenotypes in Michabod-/-; ccl19a.1stl17 mutants.
N, number of analyzed embryos.
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4.2.5 Zygotic function of Ccl19a.1
Based on the injections of ccl19a.1 synthetic RNA, which contains the coding sequence (CDS)
and 5’- and 3’-ccl19a.1 UTR sequences, it has been proposed that Ccl19a.1 is sufficient to cause
ventralized phenotypes (Wu et al., 2012). To test further whether Ccl19a.1 has an instructive role
in embryonic patterning, we injected synthetic RNA encoding the CDS of ccl19a.1 into onecelled WT embryos. We observed, albeit with low frequency, ventralized phenotypes, consistent
with the earlier observations. However, most injected embryos showed significantly decreased
axial length but without morphologic hallmarks of ventralization (Fig. 4.6A). Moreover, the axial
shortening severity seemed to occur in a dose-dependent manner (Fig. 4.6B). These data suggest
that the UTR region of ccl19a.1 might play a regulatory role in its ventralizing function, and
overexpression of ccl19a.1 CDS is sufficient to inhibit axial extension in zebrafish.
As zygotic Wnt/β-catenin signaling has been implicated in zebrafish posterior tissue
development (Martin and Kimelman, 2012), we asked whether the zygotic Wnt target gene
expression was affected in ccl19a.1-overexpressing and MZccl19a.1 mutant embryos. However,
we found that, at the end of gastrulation (9-10 hpf), canonical Wnt target genes, such as axin2,
cyclinD1, and lef1, remained unchanged either in ccl19a.1-overexpressing embryos or in
MZccl19a.1 mutant embryos (Fig. 4.6C and D). In addition, analyses of ccl19a.1stl15/stl15;
ctnnb1stl343/stl343 compound mutants indicated that ccl19a.1 did not genetically interact with
ctnnb1 in posterior tissue development (Fig. 4.6E). Thus, these data indicate that ccl19a.1 is not
necessary for zygotic canonical Wnt signaling during late gastrulation.
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Figure 4.6 Zygotic Wnt signaling is not regulated by Ccl19a.1.
(A) Representative images of uninjected control (UIC) and 300 pg ccl19a.1 RNA injected
embryos at 10-somite stage.
(B) Quantification of axial shortening phenotypes in Ccl19a.1-overexpressing embryos.
(C) qRT-PCR results of zygotic Wnt target gens in WT and Ccl19a.1-overexpressing embryos at
9 hpf. Error bars represent standard deviation. N=3 independent experiments.
(D) qRT-PCR results of zygotic Wnt target gens in WT and MZccl19a.1 mutant embryos at bud
stage. Error bars represent standard deviation. N=3 independent experiments.
(E) Representative images of WT, Zctnnb1stl343/stl343, and MZccl19a.1stl15/stl15;Zctnnb1stl343/stl343
embryos at 1 dpf with the indicated genotypes.
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4.2.6 Generation of mutations in ccl19s paralogs
In addition to ccl19a.1, our RT-PCR results revealed that ccl19a.2 and ccl19b were also
expressed during zebrafish early development (data not shown). However, it is unclear whether
these two additional ccl19 paralogs exhibit overlapping or unique roles during these early stages.
By injecting synthetic RNA encoding predicted protein products of these genes, we found that
Ccl19b but not Ccl19a.2 was sufficient to produce ventralized-like phenotypes (data not shown).
To understand whether ccl19a.2 and ccl19b are required for zebrafish axis specification,
we generated mutations in these genes using TALENs (Fig. 4.7A and B). Zygotic homozygotes
of ccl19a.2 and ccl19b single mutants exhibited normal development, suggesting they are not
necessary for axial patterning in zebrafish. We reasoned that these three paralogs might be
functionally redundant, and we generated ccl19sstl42-44 compound mutants (Fig. 4.7C). We found
increased dorsal genes (boz, sqt) and decreased ventral genes (bmp7a, ved, vent, and vox) in
MZccl19sstl42-44 compound mutants (Fig. 4.7D), similar to MZccl19a.1 mutants, suggesting these
three genes may function redundantly or in an additive manner in zebrafish axial patterning.
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Figure 4.7 ccl19s mutants generated by TALENs.
(A) Schematic of ccl19a.2stl19 and ccl19a.2stl20 sequence.
(B) Schematic of ccl19bstl21 sequence.
(C) Schematic of ccl19sstl42-44 compound mutant sequence.
(D) qRT-PCR results of dorsal and ventral genes in WT and MZccl19sstl42-44 compound mutant
embryos at sphere stage. Error bars represent standard deviation. N=3 independent experiments.
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4.3 Discussion
Perturbation of intracellular Ca2+ signaling has been shown to modulate axial patterning in
vertebrates (Kume et al., 1997; Westfall et al., 2003b). Whereas receptor-mediated signal
transduction is thought to trigger Ca2+ release from the ER into the cytosol through IP3R, the
identity of the receptors that activate phosphatidylinositol (PI) signaling is less clear. GPCR
mediated signaling has been proposed to stimulate PI signaling in frog and zebrafish (Slusarski et
al., 1997a; Slusarski et al., 1997b). As a seven-span transmembrane protein, Wnt receptor
Frizzled-2 has been proposed to act as a GPCR to trigger Ca2+ release. In addition, noncanonical
Wnt protein Wnt5, a known ligand for Frizzled receptors, was suggested to be required for
intracellular Ca2+ release, and negative regulation of β-catenin and axis formation in zebrafish
(Westfall et al., 2003a). Here, we propose that chemokine ligand Ccl19a.1 acts in a similar
manner to activate Ccr7-mediated downstream events to inhibit β-catenin activity and dorsal
organizer specification (Fig. 4.1A). By generating ccl19a.1 mutants, we demonstrated that
ccl19a.1 is necessary for modulating axial patterning (Fig. 4.3). Consistently, loss of ccl19a.1
leads to increased expression of maternal Wnt/β-catenin-mediated dorsal organizer genes and
downregulation of ventral markers (Fig. 4.4). Accordingly, we further showed that ccl19a.1
partially suppressed ichabod/ctnnb2 loss-of-function phenotypes likely via negatively regulating
maternal β-catenin activity. However, it is still unclear whether ccl19a.1 is required for
intracellular Ca2+ release during blastula stage. In mammalian dendritic cells, CCL19 treatment
is sufficient to induce Ca2+ release likely through CCR7 receptor (Scandella et al., 2004). It will
be of interest to test in the future whether the EVL Ca2+ transients preceding MBT are affected in
MZccl19a.1 mutants. The GCaMP6s stable transgenic zebrafish generated in this research
(Chapter 2) should allow us to monitor the Ca2+ transient dynamics in the mutants.
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4.3.1 Additional regulators downstream of Ccl19a.1 in axial patterning
Although we hypothesize that Ccl19a.1 acts through Ca2+ signaling to inhibit maternal Wnt/βcatenin activity to limit embryonic axis formation, it is possible that Ccl19a.1 signals through
other intracellular pathways to influence axial patterning. Particularly, we show the homeobox
transcriptional repressor genes ved/vent/vox are concomitantly downregulated in MZccl19a.1
mutant embryos soon after MBT (Fig. 4.4C), suggesting their regulation could be independent of
the dorsal organizer genes (boz, chd, gsc). During zebrafish embryogenesis, ved/vent/vox genes
are mis-regulated in mitogen activated protein kinase (MAPK) ERK1/ERK2 knockdown
embryos, suggesting ERK signaling plays a role in the regulation of ved/vent/vox gene
expression (Krens et al., 2008). In mammalian cells, it has been demonstrated that CCL19 can
induce the activation of MAPK/ERK signaling pathway (Iijima et al., 2005). It is therefore
possible that Ccl19a.1 can activate ERK signaling to control ventral gene expression to influence
axis formation in zebrafish. In addition, other intracellular signaling cascades could also be
involved. To address this possibility, we performed RNA-seq experiments in WT and
MZccl19a.1 mutant embryos during early stages in zebrafish (data not shown). Further
experiments will need to be carried out to understand the underlying mechanisms.

4.3.2 Redundant function of other ccl19 genes
In addition to ccl19a.1, our RT-PCR results revealed expression of two other ccl19 paralogs,
ccl19a.2 and ccl19b, during the early embryogenesis in zebrafish. Given the high sequence
similarity of these three paralogs (data not shown), it is likely they function redundantly in the
process of axis formation. Accordingly, we showed that Ccl19b overexpression is sufficient to
ventralize the embryos, similar to Ccl19a.1. We have generated ccl19a.2 and ccl19b single
mutants and ccl19s compound mutants (Fig. 4.7) to enable their functional characterization in the
future. Interestingly, by qRT-PCR experiments, we showed that MZccl19sstl42-44 compound
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mutants displayed upregulation of dorsal markers (boz, sqt) and downregulation of ventral
markers (ved/vent/vox, bmp7a), similar to what we described in MZccl19a.1 single mutants.
However, direct comparison between MZccl19a.1 single mutants and MZccl19sstl42-44 compound
mutants will need to be carried out to address the potential functional redundancy of these three
ccl19 genes.

4.3.3 Ctnnb1/2 is required for axial patterning and gastrulation movements
Due to the genomic duplication in teleost fishes (Postlethwait et al., 2000), the zebrafish genome
contains two copies of β-catenin genes, ctnnb1 and ctnnb2. Several reports have suggested
similar and distinct functions of these two genes during early embryogenesis in zebrafish
(Bellipanni et al., 2006; Hao et al., 2013; Zhang et al., 2012). In these studies, most of the
experiments were carried out using MOs to interfere with the translation of ctnnb1 and ctnnb2.
Since MOs can potentially introduce off-target effects and may not eliminate gene function
completely (Kok et al., 2015), we generated indel mutations in ctnnb1 and ctnnb2 in this study to
investigate their function. We uncovered that loss of zygotic function of Ctnnb1 leads to
posterior tissue deficiencies (Fig 4.2A). This result is consistent with previous studies that
employed HS:dkk1 to repress Wnt activity during late gastrulation (Martin and Kimelman,
2012), but contrasted the ctnnb1 morphant studies, in which injected embryos showed normal
axial patterning (Bellipanni et al., 2006). Moreover, we showed that Ctnnb1 and Ctnnb2 work
together to control anteroposterior patterning during gastrulation. Interestingly, we found that in
addition to the patterning defects, cells from all the germ layers in Michabod-/-; Zctnnb1-/- mutant
embryos accumulated at the vegetal pole at the end of the gastrula period (Fig. 4.2D). Based on
these data we hypothesize that Ctnnb1/2 participates in the coordination of germ layer
movements during gastrulation. In addition to its role in Wnt target gene activation, Ctnnb also
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serves as an adhesion molecule to regulate cell-cell adhesion. Disruption of E-cadherin in
zebrafish has been shown to impair epiboly, convergence and extension during gastrulation
(Kane et al., 2005; Shimizu et al., 2005). Therefore, it is possible Ctnnb plays a similar adhesion
role to regulate gastrulation movements. Alternatively, balancing between patterning and
morphogenetic function of key signaling pathways, such as BMP, Nodal and FGF signaling, is
critical for normal gastrulation (Heisenberg and Solnica-Krezel, 2008). Defective germ layer
patterning in ctnnb1/2 mutants could likely contribute to abnormal gastrulation movements.
Nevertheless, future studies are required to elucidate the underlying mechanisms.
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4.4 Materials and Methods
Zebrafish lines and maintenance
Wild-type AB*, ichabod/ctnnb2 mutants (Kelly et al., 2000) lines were used in this study.
ccl19a.1, ccl19a.2, ccl19b, ccl19s, and ctnnb1 mutants were generated in the AB* background
using TALENs, and ctnnb2 mutants were generated in the AB* background using CRISPR/Cas9
method. Embryos were collected by natural mating, and staged according to (Kimmel et al.,
1995).

Whole mount in situ hybridization
Embryos were fixed in 4% paraformaldehyde (PFA) fixation buffer at 4°C overnight. In situ
hybridization experiments were carried out as previously described (Thisse and Thisse, 2008).

qRT-PCR
RNA was isolated using Trizol (Life Technologies, #15596026) from pools of 30-50 embryos at
indicated stages. 1-5 µg total RNA was used to synthesize cDNA using the iScript kit (Bio-Rad,
#1708891). qRT-PCR experiments were performed with the Bio-Rad CFX Connect Real-Time
PCR system and SsoAdvanced Universal SYBR Green Supermix reagents (#1725270). Primer
sequences are listed in Table 4.1.
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Table 4.1 Nucleotide sequences of qPCR primers
Primer

Forward sequence

Reverse sequence

ccl19a.1

CATCCATCATGTCTGCGTTC

TGACCGTCAGACAACAGTCC

bozozok

CGTGGCCTTATGCCGTAGCC

GCGTGTTTGTCAGGGCAGGTTG

chrodin

TGCGCGGACAGATACGCCTG

CAGCCAATCCATGCAGGTGAGC

mkp3

CCAACCCCCAGCCCTCATTCC

GCAAGGCAGTGAACAAGCACGC

gsc

TCGGCGCAAGAGACGACACC

TCCACGTCGCTTTTGCCCTCC

vox

GACTCCAGCTCCGGTTACGCC

TTCCGACAGGCCGAGCTTCA

vent

GGAAGGCCCCGGCGTCA

TGTCCTGCACCTCACGCTTCA

ved

CTCCCGCAGTGAAGGCTCAGG

AGCTTCATGCGCCGGTTCTG

bmp2b

GGAGACACACACCGGAGCGAA

AGGCTGGACAGTGCCTCGAAA

bmp7a

CAGGTGCTTCAACAGCAGCACAG

TCCTGATGCCGAGCGGACAC

sizzled

CTGCTCGCTCATCGCCCCTG

TGAGGCAGAGCGAGTCCAGC

axin2

ACCAAGCACAAGCCCCACAGC

ATGCCCACTGCTTCCGCCAC

cyclin D1 CTGCGCAAACACGCCCAGAC

TACCGCTGCAGCAACACTGCC

lef1

AGGCCACCCGTACCCGAGTT

GGGAGGCGAGAGAGAGCCGT

sqt

GCACCTCTACCGGACACTTCTGAC GAGGTGGACCCGGACTTCTTCG
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Plasmids and RNA synthesis
To generate TALEN constructs, TALEN-EL and TALEN-KK backbone plasmids were used
with the Golden Gate TALEN assembly protocol (Cermak et al., 2011; Shin et al., 2014). For
ctnnb2 sgRNA, pDR274 vector was used to insert the ctnnb2 gRNA specific sequence (Hwang
et al., 2013). Cas9 RNA was synthesized using the pCS2-nCas9n plasmid (Jao et al., 2013).
RNA for injections were synthesized using mMESSAGE Transcription kit (ThermoFisher), and
purified by Micro Bio-Spin P-30 Gel columns (Bio-Rad).

Statistical analyses
Statistical analyses were performed using GraphPad Prism 6 and 7.
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Chapter 5: Discussion
Exploring and dissecting inter and intracellular signaling is important for our better
understanding of vertebrate embryogenesis. In this thesis work, I studied and extended our
understanding of calcium signaling dynamics during early embryogenesis by generating
GCaMP6s stable transgenic lines in zebrafish. I also investigated the maternal function of
atypical cadherin Dchs1b in regulation of early embryogenesis, and identified Ttc28 as an
essential interactor of Dchs1b in regulation of microtubule dynamics, midzone microtubules, and
embryonic cleavages in zebrafish. In addition, using TALENs to generate ccl19a.1 mutants, I
revealed an necessary function of Ccl19a.1 in repressing maternal β-catenin activity for proper
axial patterning.
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Figure 5.1 Regulation of early zebrafish embryogenesis by calcium signaling, Dchs1b
cadherin, and chemokine ligand Ccl19a.1.
Schematic of dynamic calcium signaling involved in multiple stages during zebrafish early
embryogenesis, Dchs1b functions via Ttc28 to regulate early cleavages, and Ccl19a.1 modulate
dorsal organizer SMO formation.

150

5.1 Dynamic calcium signaling in embryogenesis
Calcium signaling is indispensable for diverse cellular functions in developmental and
physiological processes. During animal embryogenesis, calcium-mediated signaling events are
crucial for axial patterning, morphogenetic movements, and somite formation (Slusarski and
Pelegri, 2007; Whitaker, 2006). In the process of organogenesis, regulation of intracellular
calcium levels is important for development of several organs, such as heart, lung, and brain
(Finney et al., 2008; Porter et al., 2003; Rosenberg and Spitzer, 2011). Under the physiological
conditions in adult animals, calcium dynamics are essential for muscle contraction and
relaxation, immune cell homeostasis, neurotransmission, functioning of the pancreas and
hematopoiesis (Paredes-Gamero et al., 2008; Sudhof, 2012; Vig and Kinet, 2009). Imbalance of
calcium signaling can lead to muscle weakness, heart failure, and neurological disease (Demuro
et al., 2010; Rizzuto and Pozzan, 2003). Thus, the maintenance of calcium homeostasis is critical
for the normal development and functioning of cells and organs.
In this thesis, I reported generating GCaMP6s reporter transgenic to provide a superior
tool for monitoring calcium dynamics during early embryogenesis in zebrafish. Although
previous studies have employed other calcium reporters, such as calcium dyes, to examine
calcium signaling during these stages (Chang and Meng, 1995; Fluck et al., 1991; Reinhard et
al., 1995; Slusarski et al., 1997b; Webb et al., 1997), these methods have a number of limitations,
and consequently the dynamics of calcium signaling remained incompletely characterized.
GCaMP6s is a recently engineered calcium indicator of superior sensitivity, which affords
detection of highly dynamic calcium signaling events (Chen et al., 2013). In addition, as a
genetically encoded calcium indicator, GCaMP6s allows for cell-type specific and long-term
calcium imaging in vivo. Indeed, using the GCaMP6s zebrafish transgenic lines generated in
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these studies, we observed several fold increases of calcium transients in the superficial
blastomeres during blastula and gastrula stages in comparison with previous calcium dye studies.
By long-term monitoring of calcium transients in the EVL blastomeres from blastula to gastrula
stages, we found that the previous reported dorsally-biased calcium signaling, persisted longer
during gastrulation than previously appreciated (Ma et al., 2009). In addition, we demonstrated
the direction visualization of calcium activity in the dorsal forerunner cells using our GCaMP6s
reporter. These results significantly extended our understanding of the highly dynamic calcium
activity during early zebrafish embryogenesis (Fig. 5.1).
In chapter 2, we also showed that dorsal-biased calcium signaling is affected in
dorsalized and ventralized embryos. In embryos dorsalized by ectopic expression of Ctnnb1,
calcium transients were observed in an expanded domain and at higher frequency in the induced
dorsal organizer. Whereas in ichabod/ctnnb2 ventralized embryos, the dorsal-biased pattern of
calcium signaling was diminished. These results suggest the dorsal-biased EVL calcium
transients are regulated by a signal derived from the deep cells. Maternal Wnt/β-catenin signaling
is required for the induction of dorsal organizer, but it is unclear whether the Wnt/β-catenin
signaling pathway itself or the resulting organizer-derived signal is involved in the control of
dorsal-biased calcium signaling. Is the dorsal-biased calcium signaling still increased in embryos
dorsalized by Nodal and/or Bozozok overexpression? Although such a signal remains to be
uncovered, understanding at what step it is activated will help to uncover its identity in the
future.
It is noteworthy that calcium transients during these stages are exclusively restricted to
the superficial EVL cells (Chen et al., 2017; Reinhard et al., 1995). It remains unclear how they
are prevented in the deep cells or how they are exclusively activated in the EVL cells. Given that
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calcium transients are released from the internal ER store at these stages (Westfall et al., 2003b),
it is likely some upstream regulators are specifically activated in the EVL cells. However, such
regulators have not yet been identified. In addition, such regulators must fulfill a function in
regulation of axial patterning, as EVL calcium transients are thought to limit β-catenin-mediated
dorsal organizer formation. In chapter 4, I demonstrated that chemokine ligand Ccl19a.1 is
required to inhibit β-catenin-dependent dorsalizing activity. It is therefore possible that Ccl19a.1
could function via its cognate Ccr7 GPCR as an upstream regulator of EVL calcium signaling.
Although calcium activity in MZccl19a.1 mutants remains to be characterized, earlier ccl19a.1
MO studies provided evidence that EVL calcium transients depend on Ccl19a.1 (Wu et al.,
2012), consistent with this hypothesis. As discussed in chapter 2, β-catenin levels and nuclear
localization are modulated in both the EVL cells and the deep cells during these stages, hence it
is likely that Ccl19a.1 and/or other regulators mediated calcium signaling in the EVL cells would
trigger signaling events to repress β-catenin in the deep cells in a cell non-autonomous manner.

5.2 Dchs1b controls microtubule dynamics during
embryonic cleavages
Dachsous is an atypical cadherin that has conserved and vital roles in animal development that
are only beginning to be fully understood (Adler et al., 1998; Clark et al., 1995; Li-Villarreal et
al., 2015; Mao et al., 2011). Our earlier studies demonstrated that loss of maternal and zygotic
(MZ) function of dchs1b in zebrafish unexpectedly impairs several aspects of embryogenesis.
MZdchs1b mutant embryos show delayed egg activation, abnormal cleavages, and defective
gastrulation movements, and these defects are caused in part by disruption of actin and
microtubule cytoskeleton (Li-Villarreal et al., 2015). In addition, similar cytoskeleton
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misregulation phenotypes have also been described in Drosophila dachsous mutants (Harumoto
et al., 2010; Matis et al., 2014). These data imply that Dachsous regulates actin and microtubule
cytoskeleton. Whereas some molecular mechanisms through which Dachsous and its binding
partner Fat regulate actin cytoskeleton are understood in Drosophila, the molecular links
between Dachsous and microtubule cytoskeleton remains to be identified.
In this thesis work, I provided several lines of evidence that the early cleavage defects in
MZdchs1b zebrafish mutants are in part due to defective midzone microtubule assembly and
cleavage furrow progression. I used GCaMP6s calcium reporter to show that the cleavage furrow
positioning, propagation, and deepening are disrupted in MZdchs1b mutants. By in vivo imaging
the YCL microtubule dynamics at this stage, I found microtubules are less dynamic in
MZdchs1b embryos in comparison with WT embryos. These results suggest that Dchs1b
promotes microtubule dynamics. I further identified Ttc28 as a binding partner of Dchs1b
intracellular domain, and proposed that Dchs1b-Ttc28 interaction is important to maintain proper
microtubule dynamics and midzone microtubule formation during embryonic cleavages. In
contrast to the less dynamic microtubules in MZdchs1b mutants, I showed increased microtubule
dynamics in MZttc28 mutants and reduced dynamics upon overexpressing Ttc28, suggesting
Ttc28 functions to limit microtubule dynamics. Consistent with this notion, loss of Ttc28
function in MZdchs1b; MZttc28 compound mutants suppressed microtubule dynamics defects in
comparison with MZdchs1b single mutants. Collectively, I uncovered Ttc28 as a novel Dachsous
interacting protein in vertebrates, and showed that Dchs1b regulates microtubule dynamics by
interacting with Ttc28 and modulating its subcellular distribution during these stages (Fig. 5.1).
Interestingly, abnormal cell divisions were still observed in MZdchs1b;MZttc28 compound
mutants, suggesting Dchs1b associates with additional effectors to regulate embryonic cell
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divisions. It would be interesting to identify other Dchs1b downstream effectors in this process
by protein interaction assays.
In our Dchs1b-Ttc28 interaction model, I proposed that Ttc28 could influence
microtubule dynamics. It is still unclear whether Ttc28 acts directly or indirectly to regulate
microtubules. In mammalian cells, it was demonstrated that TTC28 co-localized with Aurora B
to mediate midzone microtubule bundling, and knockdown of TTC28 disrupted midbody
formation during cell divisions (Izumiyama et al., 2012). My work revealed that MZttc28 mutant
embryos were less sensitive to Aurora B inhibitor treatment, suggesting a functional interaction
between these two molecules. It is therefore plausible that Ttc28 acts through Aurora B to
influence microtubule dynamics during zebrafish embryonic cleavages. It has been demonstrated
that Aurora B is a conserved and essential regulator of mitosis and cytokinesis in several model
organisms. Future experiments are required to test whether YCL microtubule dynamics during
cleavage stages are affected in Aurora B mutants in zebrafish.
Genetic studies in the mouse provide evidence that both Dchs1 and Ttc28 knockout
mutants display vertebral fusion defects (Kuta et al., 2016; Mao et al., 2016, and data not
shown). In particular, it has been hypothesized that decreased cell proliferation contributes to the
defects in vertebral development. It will be interesting to test whether similar functional
interaction between Dchs1 and Ttc28 is also essential in that context. Moreover, it will be also of
interest to test whether Drosophila Ttc28/CG43163 has a functional or molecular interaction
with Dachsous, though this protein seems poorly conserved between Drosophila and vertebrates
(Fig. 3.4B).
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5.3 Ccl19a.1 is required to modulate dorsoventral patterning
activity
Chemokine ligand Ccl19a.1/Ccl19.1 has been implicated in regulation of zebrafish axial
patterning by antisense morpholino study as an agonist of Ccr7 GPCR (Wu et al., 2012). In this
thesis, I demonstrated that TALEN-generated ccl19a.1 genetic mutant embryos display mild
dorsalization phenotypes. In addition, β-catenin-dependent dorsal organizer genes were
upregulated in MZccl19a.1 mutants, consistent with previous studies about the role of Ccl19a.1
in limiting maternal β-catenin activity during zebrafish axial patterning (Fig. 5.1). However, I
found milder phenotypes in ccl19a.1 mutants than those observed in ccl19a.1 morphants. It is
unclear what could cause the discrepancy. It is possible that off-target effects contribute to the
severe dorsalized phenotypes by ccl19a.1 MO injection, as a recent study in zebrafish indicated
poor consistency between many morpholino-induced and mutant phenotypes (Kok et al., 2015).
However, another study has also suggested that genetic compensation in mutants could mask the
biological function of a gene (Rossi et al., 2015). We have carried out RNA-seq experiments in
the mutants to probe the possibility of genetic compensation. Nevertheless, we provided
additional evidence to indicate that ccl19a.1 is indeed required for axis specification in zebrafish.
The characterization of ccl19a.1 mutants and its genetic interaction with ichabod/ctnnb2 in this
thesis work further strengthen the notion that Ccl19a.1 functions to negatively regulate maternal
β-catenin activity to limit dorsal organizer specification. It is likely that Ccl19a.1 acts through
Ccr7 to activate calcium signaling for β-catenin inhibition, but the calcium activity in
MZccl19a.1 mutants remains to be addressed.
Our genetic interaction studies indicate that loss of ccl19a.1 partially suppresses
ventralized phenotypes of maternal ctnnb2/ichabod mutants, while it fails to interfere with the
posterior tissue deficiencies of zygotic ctnnb1 mutants. These data suggest that Ccl19a.1
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specifically inhibits maternal canonical Wnt/β-catenin signaling activity but is dispensable for
limiting zygotic canonical Wnt/β-catenin signaling activity at late gastrulation. Although our RTPCR results and previously published work revealed that ccl19a.1 is expressed zygotically (Wu
et al., 2012), it is likely its function in β-catenin inhibition during late gastrulation stage is
redundant with other yet to be identified molecules.
Canonical Wnt/β-catenin signaling is a highly conserved molecular pathway in the
control of embryonic development, adult tissue homeostasis and regeneration. Mutations
affecting key components of the Wnt pathway have been implicated in human disease, including
cancer. For instance, mutations in Adenomatous polyposis coli (APC), which is an upstream
regulator of β-catenin, have been linked to human colon cancer (Klaus and Birchmeier, 2008; Su
et al., 1992). Moreover, mutations of other components of the Wnt pathway have also been
found in many human cancer types, such as breast cancer, hepatocellular carcinomas, and
pancreatic cancer (Polakis, 2012). Therefore, our findings about Ccl19a.1 interfering with
Wnt/β-catenin signaling in this study afford the therapeutic potential for cancer treatments.
Indeed, additional work carried out in our laboratory indicate that human CCL19/CCR7 plays a
role in inhibiting β-catenin activity in colon cancer cell lines (Beltcheva and Solnica-Krezel,
unpublished data). Future studies would be of interest to test Ccl19 and Ccr7 functions in other
mammalian system.
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Efficient homologous recombination-mediated genome
engineering in zebrafish using TALE nucleases
Jimann Shin*, Jiakun Chen and Lilianna Solnica-Krezel*

Custom-designed nucleases afford a powerful reverse genetic tool for
direct gene disruption and genome modification in vivo. Among
various applications of the nucleases, homologous recombination
(HR)-mediated genome editing is particularly useful for inserting
heterologous DNA fragments, such as GFP, into a specific genomic
locus in a sequence-specific fashion. However, precise HR-mediated
genome editing is still technically challenging in zebrafish. Here, we
establish a GFP reporter system for measuring the frequency of HR
events in live zebrafish embryos. By co-injecting a TALE nuclease
and GFP reporter targeting constructs with homology arms of
different size, we defined the length of homology arms that
increases the recombination efficiency. In addition, we found that
the configuration of the targeting construct can be a crucial parameter
in determining the efficiency of HR-mediated genome engineering.
Implementing these modifications improved the efficiency of
zebrafish knock-in generation, with over 10% of the injected F0
animals transmitting gene-targeting events through their germline.
We generated two HR-mediated insertion alleles of sox2 and gfap loci
that express either superfolder GFP (sfGFP) or tandem dimeric
Tomato (tdTomato) in a spatiotemporal pattern that mirrors the
endogenous loci. This efficient strategy provides new opportunities
not only to monitor expression of endogenous genes and proteins
and follow specific cell types in vivo, but it also paves the way for other
sophisticated genetic manipulations of the zebrafish genome.
KEY WORDS: TALEN, Genome engineering, Homologous
recombination, Knock-in, sox2, gfap

INTRODUCTION

Custom-designed nucleases are being used to overcome many
limitations of conventional genome engineering technologies for
mouse knockouts and knock-ins (Capecchi, 2005). So far, three
different types of nucleases, zinc-finger (ZF) (Kim et al., 1996),
transcription activator-like effector (TALE) (Boch et al., 2009;
Moscou and Bogdanove, 2009) and clustered regularly interspaced
short palindromic repeats/CRISPR associated (CRISPR/Cas9) (Jinek
et al., 2012), have been employed for genome-editing purposes. In
principle, these tools enable the induction of double-strand breaks
(DSBs) in target genomic sequences. Cells can repair these DSBs
through two major DNA repair systems, namely nonhomologous end
joining (NHEJ) or homology-directed repair (HDR), each of which
enables a different type of genomic modification. If the break is
repaired by NHEJ, which is an error-prone repair mechanism, such
repaired target sequences frequently harbor insertions or deletions
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(Bibikova et al., 2002; Cong et al., 2013; Mali et al., 2013; Miller
et al., 2011). Alternatively, it is possible to edit target sequences
precisely through a DSB-induced HDR mechanism by introducing
into cells both nucleases and a DNA template, such as singlestranded oligonucleotides (Bedell et al., 2012; Cong et al., 2013;
Radecke et al., 2010; Wang et al., 2013) or longer dsDNA donors
(Cong et al., 2013; Hockemeyer et al., 2011; Urnov et al., 2005).
Therefore, custom nucleases can theoretically be employed to modify
genomes of any genetic model organism.
The optical transparency of zebrafish embryos and adult casper
mutant fish (White et al., 2008) facilitate monitoring or visualizing a
gene product or a specific cell type labeled with fluorescent proteins
within an intact organism by time-lapse microscopy and at single
cell or subcellular resolution. Realization of the full potential of this
experimental strategy depends on the reliability and accuracy of
transgenic tools used to visualize gene expression. However, the
level and spatiotemporal pattern of expression of randomly
integrated transgenes often diverge from those of the endogenous
genes. Whereas, in some cases, engineered bacterial artificial
chromosomes can recapitulate endogenous gene expression (Jessen
et al., 1999; Shin et al., 2003), genome editing using nucleases
offers a new method for modifying endogenous loci. The challenge
is to make this method as successful as a regular transgenesis in
zebrafish (Kawakami, 2005). The feasibility of homologous
recombination (HR)-mediated gene replacement using TALEN in
zebrafish has been recently reported (Zu et al., 2013). However, the
relatively low efficiency of the reported HR-mediated genome
engineering method makes it difficult for systematic generation of
fluorescent protein-tagged or fluorescent protein-reporter knock-in
lines in zebrafish. Therefore, there is a need to develop advanced
methods to improve the efficiency of the HR-mediated genome
engineering technology. Here, we carry out a systematic evaluation
of a number of experimental parameters of HR-mediated genome
engineering and demonstrate that the homology arm size and the
configuration of the targeting vector, in particular the position of a
DSB in the targeting construct, are crucial efficiency determinants.
We report generation of sox2 and gfap fluorescent gene reporter
lines with high germline transmission rates, demonstrating that this
method can be standardized for targeting vector construction to
generate knock-in zebrafish.
RESULTS
Design of a GFP reporter system for measuring the frequency
of HR events in vivo

We reasoned that when DNA fragments encoding fluorescent proteins
flanked by sequences from a specific gene are injected into a zebrafish
zygote, they could be incorporated into the genome via TALENinduced DSB and HDR (Fig. 1A). To test the feasibility of this
approach, we chose two genes that are expressed early during
zebrafish neural development, sox2 (Cunliffe and Casaccia-Bonnefil,
2006) and gfap (Marcus and Easter, 1995). We first designed a
3807
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TALEN pair targeting the stop codon in the sox2 gene, a region
containing an NdeI recognition site. Next, we designed a targeting
reporter construct in which sequences encoding superfolder GFP
(Pedelacq et al., 2006) were fused with the viral 2A peptide (Provost
et al., 2007) (2A-sfGFP) and inserted in the spacer of the sox2
TALEN target site, flanked by 1168 bp left homology arm (LA) and
3716 bp right homology arm (RA) of sox2 genomic DNA fragments
(Fig. 1B). Upon a precise integration of these sequences into the
endogenous sox2 locus through HR, sox2-expressing cells should
also express sfGFP in the cytoplasm. Therefore, we used sfGFP signal
in the neural tissues that normally express sox2 at 2 dpf as an indicator
of putative HR events. To test whether the designed TALENs can
efficiently induce DSBs in the sox2 target sequences, we injected 35
and 70 pg of each synthetic RNA encoding a sox2 TALEN pair into
one-cell stage embryos. At 1 day post fertilization (dpf), we
genotyped the injected embryos by NdeI digestion of PCR products
encompassing the target sequence. Whereas the PCR product from
the uninjected control embryos was digested completely by NdeI, the
enzyme failed to cut most of the product from the injected embryos
(Fig. 1C), indicating that NdeI recognition sequence within the sox2
TALEN target sequence was effectively mutated by sox2 TALENs.
To evaluate this in vivo HR reporter system, we injected the targeting
construct either alone or together with the synthetic sox2 TALEN
3808

RNA pair into one-cell stage embryos. After titrating the input
targeting construct (see Materials and Methods), we settled on
injecting 10 pg of a targeting vector with 35 pg of each TALEN RNA.
Using this dose, about 86% of injected embryos manifested normal
morphology at 2 dpf (supplementary material Fig. S1). Two days after
injection, the morphologically normal embryos were selected and
examined for sfGFP signal in the diencephalon, where sox2 is
strongly expressed (Fig. 1D-F) (Sprague et al., 2006). Whereas we did
not detect sfGFP expression in embryos injected with the targeting
construct alone (0%, n=10) (Fig. 1G and Fig. 2B), we frequently
observed sfGFP-positive cells in the embryos co-injected with the
targeting construct and TALEN RNA (80%, n=10) (Fig. 1H and
Fig. 2B). This suggested that in the sfGFP-positive cells, the DNA
sequences of the targeting construct encoding sfGFP were integrated
into a genomic lesion induced by the sox2 TALENs.
To understand the relationship between the homology arm length
and the frequency of recombination events, we performed coinjection experiments with eight targeting reporter constructs
[designated Long1 (L1), L2, L3, Medium1 (M1), M2, M3, Short1
(S1) and S2] that differed in the length of LA and RA (Fig. 2A). We
co-injected the circular form of each targeting construct with sox2
TALEN RNAs and scored the embryos for sfGFP-positive cells in
the diencephalon, as described above. We observed a higher
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Fig. 1. In vivo recombination analysis. (A) Overview of HR detection system by co-injection of TALEN RNAs and a GFP-inserted targeting construct in zebrafish
embryos. (B) TALEN target in the sox2 locus and a sox2-targeting construct. Black, gray and blue blocks represent ORF, 5′ UTR and 3′ UTR, respectively
(sox2 has no introns). G (0 position, marked in red) just before the stop codon is duplicated in the targeting construct locus and the 2a-sfGFP fragment is
inserted in between the Gs. (C) sox2 TALEN RNAs were injected without any donor DNA and its mutagenic activity was measured by PCR and restriction enzyme
analysis. Each lane represents an NdeI-digested amplicon encompassing sox2 TALEN target sequence from genomic DNA isolated from five embryos. The
NdeI-digested wild-type PCR products are 78 and 75 bp. (D-F) Lateral (D) and anterior-dorsal (E,F) views of 2 dpf wild-type embryo. Box marks dorsal
diencephalon region. (F) Detection of sox2 transcripts by whole-mount in situ hybridization. Scale bar: 200 μm. (G,H) Confocal microscope images of the brain
region that is similar to that shown in the boxed areas in D-F. (G) An embryo injected with a circular form of a sox2 reporter targeting construct. (H) An embryo
co-injected with circular form of the construct and sox2 TALEN RNAs. Groups of cells expressing sfGFP in the diencephalon region are indicated by arrows.
Scale bar: 20 μm.
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percentage of sfGFP-positive embryos in the L group, compared
with the M and S groups (Fig. 2B). However, when we co-injected
L1 sox2 targeting construct and TALENs targeting the stop codon of
the gfap locus to test whether a random integration of the targeting
construct might lead to sfGFP expression, we did not observe
sfGFP-positive cells in the diencephalon of the co-injected embryos
(0%, n=10) (Fig. 2B). These observations are consistent with the
notion that sfGFP expression reports a HR-mediated integration of
the construct into the targeted locus in somatic tissue. In addition,
we interpreted these results to mean that increasing the length of the
homology arm in a targeting construct can elevate the frequency of
the somatic recombination events. In particular, these data suggest

that a homology arm over 2 kb may be sufficient to achieve an
optimal frequency of recombination events.
According to a previous report, the frequency of somatic HR
events in zebrafish increases when a linear targeting DNA fragment
is used rather than a circular construct (Zu et al., 2013). This raises the
possibility that the structure of the targeting construct can influence
HR frequency. To test this, we repeated co-injection experiments
using different configurations of the targeting constructs that were
linearized with NotI (or NaeI) to cut the vector outside of the LA,
AscI to cut the vector outside of the RA, or both NotI (or NaeI) and
AscI to separate the targeting DNA fragment from the vector region.
Interestingly, we observed a higher percentage of sfGFP-positive
3809

DEVELOPMENT

Fig. 2. Defining the sizes of homology arms and configurations of
targeting constructs for efficient recombination. (A) Eight sox2
targeting reporter constructs. Black bar marks LA and blue bar marks
RA of targeting constructs. Green bar represents an sfGFP sequence
linked with viral 2a peptide sequence. The NcoI site in LA is located
239 bp from and the SacI site in RA is located 85 bp from the
2a-sfGFP sequences (see Fig. 1B). (B-G) Quantification of the
recombination frequency. Green bar represents the percentage of
sfGFP-positive embryos determined by confocal microscopy. Black
bar represents the percentage of recombination-positive embryos, as
determined by PCR (see supplementary material Fig. S2). (B) Circular
form of each targeting construct was injected. (C) Targeting
constructs were digested with NotI (or NaeI) to cut the vector outside
the LA. (D) Targeting constructs were digested with AscI to cut the
vector outside the RA. (E) Targeting constructs were digested with
NotI (or NaeI) and AscI to separate the targeting DNA fragment from
the vector region. (F) Targeting constructs were digested with NcoI
within the LA. (G) Targeting constructs were digested with SacI within
the RA. (H) Targeting constructs were digested with NcoI and SacI.
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embryos in both NotI- and NotI+AscI-digested M groups, compared
with the circular M group (Fig. 2B-E). However, the percentage of
sfGFP-positive embryos was either similar or lower in the AscIdigested M group or the NotI-, AscI- and NotI+AscI-digested
L groups when compared with the embryos injected with the circular
form of the same constructs (Fig. 2B-E).
Next, we tested whether an internal cut in the homology arm of
the targeting constructs could enhance the frequency of sfGFP
expression in our assays. Although we did not observe higher HR
frequency when injecting the constructs with an internal cut in the
RA (SacI) (Fig. 2G), or internal cuts in both LA and RA (Fig. 2H),
all of the constructs with an internal cut in the LA (NcoI) produced
higher proportions of GFP-positive embryos than their circular
counterparts (Fig. 2F).
To verify in vivo HR assay using GFP detection, we repeated the coinjections of sox2 TALEN and the various targeting constructs, and
analyzed the recombination frequency by PCR. For this, we randomly
chose 12 normal-looking F0 embryos in each group, extracted the
genomic DNA individually and performed PCR to amplify
the recombinant genomic DNA fragment using a forward primer in
the sox2 gene just outside the LA region (sF2) with an sfGFP-specific
reverse primer (sR2′) (supplementary material Fig. S2A). Overall, we
detected more recombination events by PCR than by using the GFP
detection method. When comparing the recombination frequencies
for different targeting constructs, we observed similar patterns, except
in the NcoI+SacI-digested condition (Fig. 2B-H). To understand the
difference, we sequenced seven of the recombinant PCR products
from M1/NcoI and MI/NcoI+SacI groups. Whereas we did not detect
any mutations within sox2 and sfGFP sequences in the M1/NcoI
group, four out of seven PCR products contained mutations in the
MI/NcoI+SacI group (data not shown). These results imply that
that the PCR method can detect both HR-dependent and
-independent insertions of targeting construct. Interestingly, we
observed that a cut in the LA enhances the frequency of gene
targeting, but generating a cut in RA did not, as assayed using GFP
or a PCR detection method (Fig. 2F,G). Moreover, for targeting
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constructs with a cut in the LA (NaeI-digested condition), we
detected highly efficient recombination frequencies (83-92%,
n=12) (supplementary material Fig. S2I), further supporting the
notion that a specific configuration of targeting constructs (a cut in
the LA) is an important factor for efficient gene targeting.
However, because in our targeting constructs the LA was generally
shorter than the RA (Fig. 2), these results are also consistent
with an internal cut in the short homology arm, rather than the
orientation of the cut in the homology arms with respect to
the insert, being an important factor for HR-mediated genome
editing. To distinguish between these possibilities, we carried out
additional experiments that tested several targeting constructs that
had LA of 2.5 kb and RA of 1 kb, thus opposite to the
configurations shown in Fig. 2. With these targeting constructs,
we observed high recombination frequency for those that
contained an internal cut in the short RA, but not a cut in the
LA (data not shown). Therefore, these results support the view that
an internal cut in the short homology arm is an important factor for
HR-mediated genome editing, rather than the orientation of the cut
in the homology arms with respect to the insert. Based on these
results, we propose not only the length of homology arm, but also
the configuration of the targeting construct can influence the
frequency of HR events in somatic tissue.
Analysis of the germline transmission rates of sox2-2a-sfGFP
knock-in alleles

Based on our in vivo GFP reporter analysis, the constructs digested
with NotI (or NaeI) or NcoI produced higher frequency of putative
HR events than other conditions. Thus, we decided to determine
the germline transmission rates of the seven construct types
described above that were digested with NotI (or NaeI) or NcoI
(Fig. 2A,C,F). To do this, we raised unselected F0-injected
embryos from these 14 groups into adulthood, and outcrossed each
F0 founder with a wild-type fish to obtain F1 progeny of the
individual founders. Using an epifluorescence stereomicroscope,
we found that 29 of 363 F0 founders produced sfGFP-positive F1
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Fig. 3. Germline transmission rates of sox2-2a-sfGFP knock-in
lines. (A) The frequency of germline transmission of the founders that
were co-injected with sox2 TALEN and each targeting construct,
which was linearized by either NotI or NcoI. The bars represent the
percentage of F0 founders that produced sfGFP-positive F1 progeny.
(B,C) Comparison of sfGFP expression between strong and weak
sox2-2a-sfGFP F1 embryos. Epifluorescence stereomicroscopic
images of sfGFP expression. Lateral views of 1 dpf embryos. Both
images were taken with the same exposure time. (B) The strong
sfGFP-positive F1 embryos obtained from line 3. (C) The weak
sfGFP-positive F1 embryos obtained from line 4. Scale bar: 200 μm.
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Table 1. Germline transmission of sox2-2a-sfGFP knock-in lines
F0 founder ID

F1 ID/sfGFP strength (PCR and Southern blot analysis ID)

Targeting construct

Linearized by

Germline transmission rate

16-14
16-15
14-6
14-6
14-8
2-3
10-2
10-3
12-14
12-14
12-17
f-1
f-9
f-2
f-3
f-5*
6-1
6-4*
6-10*
6-17*
6-17*
6-21*
g-2
a-3
a-5
a-6
a-15
b-2
b-4
b-7
e-1

16-14-W/weak
16-15-S/strong
14-6-S/strong
14-6-W/weak
14-8-W/weak
2-3-W/weak
10-2-S/strong (1)
10-3-S/strong (2)
12-14-S/strong (3)
12-14-W/weak (4)
12-17-S/strong (5)
f-1-S/strong
f-9-S/strong
f-2-S/strong
f-3-S/strong
f-5*
6-1-S/strong
6-4*
6-10*
6-17*
6-18*
6-21*
g-2-S/strong
a-3-S/strong (6)
a-5-S/strong (7)
a-6-W/weak (8)
a-15-W/weak (9)
b-2-W/weak
b-4-W/weak (10)
b-7-S/strong (11)
e-1-S/strong (12)

L1
L1
L2
L2
L2
L3
M1
M1
M2
M2
M2
L1
L1
L1
L1
L1
L2
L2
L2
L2
L2
L2
M1
M2
M2
M2
M2
M3
M3
M3
S1

NotI
NotI
NotI
NotI
NotI
NaeI
NotI
NotI
NotI
NotI
NotI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI
NcoI

10.1% (12/119)
0.5% (1/207)
1.2% (6/497)
6.4% (32/497)
12% (47/392)
8.1% (10/123)
6.9% (7/101)
3.7% (6/162)
3.3% (16/492)
6.3% (15/492)
3% (7/391)
0.3% (1/312)
1.6% (5/308)
15.3% (8/52)
61.3% (38/62)
11.8% (2/17)
0.5% (11/217)
14.3% (1/7)
28.6% (10/35)
7.6% (8/105)
16.7% (15/90)
16.7% (4/24)
4.3% (9/211)
6% (8/134)
7.1% (6/85)
1.1% (4/367)
1% (5/498)
2.7% (5/184)
1.9% (5/261)
8.6% (45/522)
35.5% (100/282)

embryos (8%, Fig. 3A; Table 1). Germline mosaicism of
individual F0 founders ranged from 0.3 to 61.3%, and the
average was 10.5% (Table 1). In the L3/NcoI founder group, we
screened only two F0 founder fish because the remaining 16 were
sterile, and neither produced sfGFP-positive progeny (Fig. 3A). We
also failed to recover stable lines from one F0 founder in the L1/NcoI
group and from five F0 founders in the L2/NcoI group due to severe
developmental defects of sfGFP-positive F1 progeny. Interestingly,
we observed two different types of sfGFP-positive F1 embryos based
on sfGFP signal intensity (Fig. 3B,C). All sfGFP-positive F1 progeny
from 14 founders exhibited strong sfGFP expression. The progeny of
another seven founders exhibited weak sfGFP expression, whereas
two additional founders produced F1 embryos that showed either
strong or weak sfGFP expression (Table 1). However, regardless of
sfGFP expression intensity, all F1 progeny showed the same
spatiotemporal sfGFP expression pattern.
To verify that the sfGFP-positive F1 progeny are knock-in
animals, we performed Southern blot analysis of genomic DNA
from adult F1 fish using probe sequences from the sox2 locus that
are just outside the LA homology region (685 bp) (Fig. 4A). For this
experiment, we chose 12 putative knock-in F1 animals obtained
from M1, M2, M3 and S1 founder groups. We confirmed that eight
F1 lines had a 6.5 kb wild-type band and a 7.3 kb knock-in band in
the sox2 locus (Fig. 4B). Interestingly, we also detected bigger sizes
of insertion bands in genomic DNA of the four F1 lines (arrowheads
in Fig. 4B; supplementary material Fig. S3).
To test molecularly whether the sfGFP-positive F1 progeny are
the result of HR, we performed PCR-based genotyping using several
primer sets with the same genomic DNA that was used for Southern
blot analysis as a template. An sfGFP-specific PCR product was

detected in all the analyzed sfGFP-positive F1 animals (Fig. 4C).
We were also able to amplify a fragment of the expected size from all
sfGFP-positive F1 animals using a forward primer outside the LA
region (sF2) with an sfGFP-specific reverse primer (sR2) (Fig. 4D),
and an sfGFP-specific forward primer (sF3) with a reverse primer
outside of the RA region (sR3) (with the exception of allele 8)
(Fig. 4E). Using the forward primer outside the LA region (sF2) and
the reverse primer outside the RA region (sF2 and sR3), we detected
both the 3.5 kb PCR product for wild-type sox2 locus and the 4.3 kb
PCR product for the sfGFP-knock-in sox2 locus in eight different F1
knock-in lines (Fig. 4F). We sequenced all the products, including
the PCR product of unexpected size from F1 animal 8, and failed to
detect any NHEJ events, indicating that sfGFP sequences were
integrated into the sox2 locus via HR-mediated repair mechanism.
Remarkably, with vector-specific primers (F4 and R4), we detected
vector sequences incorporated into the genomic DNA of several F1
animals (4, 8, 9 and 10) that were correlated with weak sfGFP
expression (Fig. 4G; Table 1). Using various PCR and sequencing
analyses, we found that three F1 lines (4, 9 and 10) harbored
concatemers of the targeting construct that were likely generated via
double-crossover HR, whereas line 8 had a single copy of the
targeting construct, suggesting it was created as a result of a singlecrossover HR event (see Fig. 7E). This was confirmed by a copy
number analysis of sfGFP, showing three sfGFP copies in line 4, one
copy in line 8, about four copies in line 9 and two copies in line 10
(Fig. 4H).
To determine whether sfGFP expression recapitulates endogenous
sox2 expression, we chose the sox2-2a-sfGFP line #3 (sox2-2asfGFPstl84) for further analysis. Expression of both sox2 and sfGFP
were detected in neural tissues including brain, spinal cord, eyes and
3811
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Fig. 4. Analysis of sox2-2a-sfGFP knock-in lines. (A) Schema of HR-mediated sfGFP insertion. Either NotI (or NaeI) or NcoI-digested targeting constructs
(M1, M2, M3 and S1, see Fig. 2A) were co-injected with sox2 TALEN RNAs. Red bar indicates the probe sequences used for Southern blot. (B) Southern
blot analysis. PstI/BamHI double-digested genomic DNA from individual adult fish was hybridized with the probe (red bars in A). Expected fragment size: wild
type, 6.5 kb; targeted, 7.3 kb. Arrowheads indicate bands of unexpected size (lane 8, ∼10 kb; lane 9, ∼14 kb; lane 10, ∼10 kb). (C-G) PCR genotyping analysis.
Primer pair locations are shown in A. WT, wild type; 1-12, sox2-2a-sfGFP F1 lines (see Table 1). (C) Detection of sfGFP (sF1+sR1 primers). (D) Amplicon
extended from 5′ of the LA to within the sfGFP sequences (sF2+sR2). (E) Amplicon spanned the entire RA sequences (sF3+sR3). Arrowhead indicates a
fragment of aberrant size (7.5 kb). (F) Amplicon extended from 5′ of the LA to 3′ of the RA sequences (sF2+sR3). Expected amplicon size: wild type, 3.5 kb;
targeted, 4.3 kb. (G) Amplicon for vector-specific sequences (F4+R4). (H) Quantitative PCR analysis of sfGFP relative copy numbers. Data are mean±s.e.m.
(I,J) Lateral views of 2 dpf embryos. (I) sox2 expression in wild type. (J) sfGFP expression in sox2-2a-sfGFPstl84. Arrows indicate neuromasts. Scale bars: 200 μm.
(K-N) Transverse spinal cord section of 7 dpf sox2-2a-sfGFPstl84 larva. (K) sfGFP expression. (L) Anti-HuC/D antibody staining. (M) Anti-Sox10 antibody staining.
(N) Merged image of K-M. Brackets indicate sfGFP-positive cell clusters in posterior median sulcus (top) and posterior median septum (bottom). Arrows indicate
sfGFP-positive and Sox10-positive OPCs. Arrowheads indicate sfGFP-positive and HuC/D-positive neurons. Scale bar: 20 μm.

neuromasts at 2 dpf (Fig. 4I,J). Owing to the lack of working Sox2
antibodies (see Materials and Methods), we determined the identity
of sfGFP-positive cells in F1 animals indirectly, using anti-HuC/D to
label neurons and anti-Sox10 antibodies to label oligodendrocyte
3812

progenitor cells (OPCs). Sox2-positive cells are expected to be neural
precursors. In the spinal cord of 7 dpf sfGFP-positive larvae, we
detected sfGFP-positive cells in the posterior median sulcus and
septum (Fig. 4K). Although the majority of sfGFP-expressing
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cells appeared to be non-neuronal cells, we observed that a few
sfGFP-positive cells were also labeled by anti-HuC/D antibody
(Fig. 4K-N). Because it is known that Sox2 is expressed in neural
precursors but is downregulated in the differentiated neurons
(Lindsey et al., 2012), this suggests that sfGFP is more stable than
endogenous Sox2 and persists in newly born neurons. Some Sox10positive OPCs also expressed sfGFP (Fig. 4K-N), consistent with a
previous study showing that Sox2 is detected in OPCs (Snyder et al.,
2012). Moreover, we observed the majority of sfGFP-positive cells in
brain regions where Sox2-expressing cells are known to reside, such
as the ventricular zone of the brain, and in putative amacrine cells and
Müller glia in the retina (supplementary material Fig. S4). Therefore,
we conclude that sfGFP expression in the F1 sox2 knock-in animals
mirrors endogenous sox2 gene expression.
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Generation of a gfap-2a-tdTomato knock-in allele

To further validate the efficiency of our knock-in strategy, we
designed a TALEN pair targeting the gfap stop codon locus. For the
gfap targeting construct, we used 1155 and 2421 bp of genomic
DNA fragments as the LA and RA, respectively, and DNA
sequences encoding 2a-tdTomato (Shaner et al., 2004) were
inserted in frame with GFAP coding sequences prior to the stop
codon (Fig. 5A). We confirmed the target gene disruption activity of
the gfap TALEN by a PCR-based genotyping method described
above for the sox2 TALEN activity test (Fig. 5B). We co-injected
RNA encoding gfap TALEN pair (35 pg each) and the targeting
construct (10 pg) cut with BamHI within the LA, into one-cell-stage
embryos, which were raised to adulthood as F0 founders. We crossed
44 F0 founders individually with wild-type fish, and by screening

Fig. 5. Analysis of gfap-2a-tdTomato knock-in lines. (A) The strategy for generating gfap-2a-tdTomato knock-in fish. gfap TALEN target sequences and stop
codon are highlighted in yellow and gray, respectively. In the targeting construct, LA and RA are marked with black and blue, respectively. Red indicates tdTomato
sequences linked to viral 2a peptide sequence. The targeting construct linearized with BamHI to generate an internal cut in LA. (B) Activity test of gfap TALEN
RNAs. Each lane represents a BslI-digested amplicon encompassing gfap TALEN target sequence from genomic DNA isolated from individual embryo. The
BslI-digested wild-type amplicon products are 112 and 50 bp. WT, uninjected control; 35 pg and 70 pg, injection of 35 or 70 pg of gfap TALEN RNA, respectively.
(C) Lateral view of 2 dpf gfap-2a-tdTomatostl85 knock-in F1 embryo. Scale bar: 200 μm. (D-F) Transverse spinal cord section of 7 dpf gfap-2a-tdTomatostl85
larva. (D) tdTomato expression. (E) Anti-GFAP antibody staining. (F) Merged image of D and E. Asterisks indicate tdTomato-positive cell bodies. Scale bar:
20 μm. (G-K) PCR genotyping analysis. Primer pair locations are shown in A. WT, wild type; 1-6, gfap-2a-tdTomato F1 lines from different founders except lines 3
and 4 (see Table 2). (G) Detection of tdTomato (gF1+gR1 primers). (H) Amplicon extended from 5′ of the LA to within the tdTomato sequences (gF2+gR2).
(I) Amplicon spanned the entire RA sequences (gF3+gR3). (J) Amplicon extended from 5′ of the LA to 3′ of the RA sequences (gF2+gR3). Expected amplicon
size: wild type, 4.1 kb; targeted, 5.6 kb. (K) Amplicon for vector-specific sequences (F4+R4).
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Table 2. Germline transmission of gfap-2a-tdTomato knock-in lines
F0 founder
ID

F1 ID/tdTomato strength
(PCR analysis ID)

Germline
transmission rate

1-4
1-12
1-3
1-3
1-17
1-6

1-4-S/strong (1)
1-12-S/strong (2)
1-3-S/strong (3)
1-3-W/weak (4)
1-17-W/weak (5)
1-6-W/weak (6)

5.7% (6/105)
5.4% (5/93)
0.5% (2/418)
7.2% (30/418)
16.9% (41/242)
7.7% (34/439)

with a fluorescent microscope at 2 dpf we found tdTomato-positive
F1 progeny from five F0 founders (11%, Fig. 5C; Table 2). Whereas
tdTomato-positive embryos from two F0 founders expressed
tdTomato strongly, progeny from the other two founders expressed
tdTomato weakly, and the fifth F0 founder produced both strong
and weak tdTomato-expressing embryos (supplementary material
Fig. S5). To confirm that GFAP was co-expressed in tdTomatopositive cells, we performed immunofluorescence using an antiGFAP antibody (Zupanc et al., 2005). At 7 dpf, tdTomato-positive
processes of neural precursors were colocalized with GFAP-positive
processes in the gfap-2a-tdTomatostl85, indicating that tdTomato
expression recapitulated GFAP expression (Fig. 5D-F).
Because we observed reduced expression of the reporter gene in
several sox2-2a-sfGFP knock-in lines that had vector sequences
incorporated in their genome (Fig. 3C and Fig. 4G; Table 1), we
genotyped the weak tdTomato-positive F1 embryos using vectorspecific primers (F4 and R4) and confirmed that the weakly
expressing alleles harbored vector sequences in their genomes
(Fig. 5K). To test further whether tdTomato sequences were
integrated via HR in the tdTomato-positive F1 fish, we performed
PCR genotyping using four primer sets [tdTomato-specific
forward and reverse primers (gF1+gR1); a forward primer
outside of the LA region with a tdTomato-specific reverse
primer (gF2+gR2); a tdTomato-specific forward primer with a
reverse primer outside of the RA region (gF3+gR3); and a forward

primer outside of the LA region with a reverse primer outside of
the RA region (gF2+gR3) sets] (Fig. 5G-J) and sequenced the
resulting amplicons from all lines except line 6. The analysis failed
to detect any NHEJ events in any of the lines. These data indicate
that our targeted insertion strategy was effectively working for
the gfap locus with similar germline transmission rates as
observed for the sox2 knock-in experiments described above. In
addition, integration outcomes of the gfap targeting construct were
similar to those of the sox2 knock-in lines, suggesting that the
method of TALEN/HR-mediated genome editing described here
is promising as a reliable method for obtaining HR-mediated
zebrafish knock-ins.
Knock-in reporter mirrors the expression of endogenous
target gene

To test whether the two knock-in reporter lines do faithfully reflect
the expression of the endogenous target genes, we applied CRISPR/
Cas9 system to induce somatic mutations in sox2 and gfap genes
in sox2-2a-sfGFPstl84;gfap-2a-tdTomatostl85 double homozygous
knock-in embryos. First, we designed each guide RNA for targeting
sox2 (sox2 gRNA) and gfap (gfap gRNA), and co-injected each
gRNA (10 pg) along with cas9 RNA (100 pg) into one-cell stage
embryos. Whereas sfGFP and tdTomato expression in cas9 RNAinjected control embryos was similar to those of uninjected embryos
(Fig. 6A,D), 54% of embryos (n=48) showed a dramatic decrease of
sfGFP expression in the sox2 gRNA and cas9 RNA co-injected
embryos (Fig. 6B,E). Interestingly, tdTomato expression was
slightly decreased in these embryos, likely as a consequence of
sox2 mutations. Conversely, the expression of tdTomato was
significantly decreased in the gfap gRNA and cas9 RNA
co-injected embryos (76%, n=46) (Fig. 6C,F), whereas sfGFP
expression was not affected. To confirm whether the gRNA target
sites were mutated by CRISPR system, we performed genotyping
using the T7 endonuclease I (T7EI) assay. We detected the
mutations in sox2 and gfap (Fig. 6G,H) only in embryos injected
with sox2 gRNA or gfap gRNA, respectively. These results provide
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Fig. 6. Transgene mirrors the endogenous expression
of the target gene. (A-F) Lateral view of 2 dpf sox2-2asfGFPstl84;gfap-2a-tdTomatostl85 double homozygous
knock-in embryos. All images were taken with the same
exposure time. (A-C) sfGFP expression. (D-F) tdTomato
expression. (A,D) Control embryo injected with 100 pg of
cas9 RNA. (B,E) The embryo co-injected with 100 pg of
cas9 RNA and 10 pg of gRNA targeting sox2. (C,F) The
embryo co-injected with 100 pg of cas9 RNA and 10 pg of
gRNA targeting gfap. Scale bar: 200 μm. (G,H) Detection of
target-specific mutations by T7EI assays. Control, embryo
injected with 100 pg of cas9 RNA; 1-5, individual embryos
co-injected with 100 pg of cas9 RNA and 10 pg of gRNA
targeting sox2 (G) or gfap (H). (G) The PCR products
contain guide RNA target site of sox2. (H) The PCR
products contain guide RNA target site of gfap.
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further support for the conclusion that the expression of knock-in
reporter mirrors that of endogenous target gene.
DISCUSSION

Application of custom nucleases has enabled new methods for
disruption and editing of specific genes; however, the low efficiency
of current HR-mediated genome editing methods has limited their
utility in zebrafish (Zu et al., 2013). Here, based on a systematic
survey of the targeting construct parameters and measuring
efficiency of HR events in live zebrafish embryos, we established
an efficient method for HR-mediated genome editing in zebrafish.
We employed an in vivo HR detection assay and germline
transmission analysis to determine the significance of the size of
homology arms and their configuration to the efficiency of HR. We
established a fluorescent reporter system, an approach similar to
those employed in gene and enhancer trap studies (Balciunas et al.,
2004; Kawakami et al., 2004). Owing to the limited sample size and
the potential experimental variation, we repeated the experiment and
determined HR frequency using a PCR method. Overall, we
detected more recombination events by PCR than by GFP detection
(Fig. 2). This difference between the two methods is likely due to the
following three possibilities: first, experimental variation; second, it
reflects the superior ability of the PCR method to detect
recombination events in any cell compared with the GFP
detection method, which should not detect the recombination
events in cells where the endogenous sox2 gene is not transcribed;
third, we found mutations in some of the recombinant PCR products,
suggesting that the PCR method detected both HR-dependent and
-independent insertions of the targeting construct. Indeed, a recent
study demonstrated an efficient CRISPR/Cas9-mediated knock-in
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method via HR-independent insertion mechanism (Auer et al.,
2014). However, we speculate that GFP detection assay specifically
reports HR events rather than HR-independent insertions because of
two lines of evidence. In F0 embryos co-injected with sox2 TALEN
and S2 targeting construct, we rarely detected sfGFP expression,
although the recombination events were frequently detected by
PCR. This suggests that HR-independent insertions occur
frequently for targeting constructs with short homology arms, but
are not detected by the GFP expression assay. In addition, we did not
detect sfGFP signal in embryos co-injected with gfap TALEN RNA
and the sox2 targeting construct. In this second condition, sfGFP
expression could occur only if HR-independent insertion placed the
sfGFP in-frame with the gfap gene. Therefore, these observations
strongly suggest that sfGFP expression of our assay system reflects
HR rather than HR-independent insertions. However, as shown in
Fig. 7, the targeting construct can be inserted into the target locus by
a single HR event involving one of the homology arms. Notably, the
reporter gene can be expressed in such a scenario, suggesting that
sfGFP signals reflect both single and double HR events in our in vivo
HR detection assay.
It was shown almost two decades ago that gene targeting can be
stimulated by a genomic DSB introduced by a restriction enzyme
(Smih et al., 1995). Currently, DSB in specific DNA target
sequences can be generated by custom-designed nucleases enabling
in vivo genome engineering. It is still unclear what additional factors
should be considered to achieve highly efficient HR in vivo. Here,
our zebrafish data provide evidence that the length of homology
arms and configuration of targeting construct are crucial parameters
in determining the efficiency of HR-mediated genome editing
technology.
Fig. 7. A schema of the reported strategy for
efficient HR-mediated genome editing in
zebrafish. Co-injection of target-specific TALEN
RNAs (A) and a targeting construct that harbors
DSB in the short homology arm (B) results in
highly efficient HR-mediated genome editing.
(C) The linearized targeting construct can exist as
a single molecule as well as concatemers via a
NHEJ repair mechanism in vivo. A DSB in the
genome induced by TALEN is the essential first
step in HR. A DSB within the short homology arm
of the targeting construct is not essential, but
appears to strongly enhance HR-mediated
knock-in. Three outcomes were observed in our
experiments (see Fig. 4B-H). (D) A single
targeting construct can integrate into the genome
precisely by double-crossover HR (67% of
sox2-2a-sfGFP lines). (E) A single-crossover HR
event can result in incorporation of the vector
into the genome (8% of sox2-2a-sfGFP lines).
(F) A concatemeric construct can form from the
targeting vector and integrate into the genome
with double-crossover HR event, resulting in
incorporation of multiple variants of the targeting
construct into the genome (25% of sox2-2asfGFP lines).
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We found suitable sizes of homology arms (about 1 kb for one
arm and 2 kb for the other arm) for a targeting construct, which
ensured efficient HR and germline transmission exceeding 10%.
Interestingly, inserts of 0.7 or 1.5 kb could be knocked in with
similar germline transmission frequency (over 10%) when two
homology arms were at least 1 and 2 kb in length. This suggests that
the insert size over this range is not a crucial parameter for the
efficiency of HR-mediated knock-in if the target construct contains
1 kb and 2 kb of homology arms.
The most intriguing early finding here was that a DSB in the
shorter left homology arm, but not in the longer right arm, enhanced
HR-mediated knock-in. In subsequent experiments, in which we
inverted the positions of the short and long homology arms, we
observed an enhanced HR-mediated gene targeting only when a
DSB was introduced in the short RA, but not in the long LA (not
shown). Thus, we propose that it is the presence of a DSB in the
shorter homology arm that is crucial for HR-mediated genome
editing, rather than the left-right orientation of the cut with respect to
the insert. However, this hypothesis needs to be tested further in
multiple targets to be considered a general mechanism and an
important enhancing parameter for HR-mediated gene targeting.
Our work will inform development of other HR-mediated genome
editing methods. First, it will facilitate the construction of targeting
vectors, because 3 kb of homologous sequences, which are
necessary for effective HR, is a feasible size for PCR. Second,
this size of the homology region allows one to confirm knock-in
animals by fast and easy PCR-based genotyping methods. For
example, using outer primers for the sequences flanking the
homology arms, one can obtain an amplicon of the edited genome
and confirm the precise sequences by amplicon sequencing. In
addition, because most concatemeric knock-in alleles contain vector
sequences, simple genotyping using vector-specific primers can
easily distinguish single copy versus concatemeric alleles.
Two pioneering studies demonstrated that zebrafish genome could
be edited by co-injection of a TALEN and targeting DNA, such as
ssDNA and long dsDNA (Bedell et al., 2012; Zu et al., 2013). In
addition to TALEN, the CRISPR/Cas9 system has proven to be an
efficient customized nuclease in zebrafish (Hwang et al., 2013b).
Both TALEN and CRISPR/Cas9 can efficiently induce DSBs in
target sequences, suggesting that genome editing using CRISPR/
Cas9 should also be possible in zebrafish. Indeed, recent studies
showed that CRISPR/Cas9 system with ssDNA has the ability to edit
the zebrafish genome (Hruscha et al., 2013; Hwang et al., 2013a). In
addition, because several studies reported successful generation of
knock-in animals using CRISPR/Cas9 and dsDNA (Dickinson et al.,
2013; Gratz et al., 2013; Wang et al., 2013), zebrafish genome
editing with CRISPR/Cas9 will likely be achievable in the near
future. Therefore, our data should be applicable in any HR-mediated
genome editing using any customized nuclease systems.
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REAL Assembly TALEN Kit (Addgene TALEN kit 1000000017) and
followed cloning steps as described previously (Sander et al., 2011).
Modified TALE nuclease expression vectors were generated by sequential
subcloning of NheI/EcoRI-digested TALE13 fragments from pJDS70,
pJDS71, pJDS74 and pJSD78 in the TALEN Kit and EcoRI/NotI-digested
EL/KK heterodimeric FokI nucleases from pCS2-EL/KK (Zhu et al., 2011)
with nos1 3′ UTR fragment from GFP-nos1 3′ UTR construct (Koprunner
et al., 2001) into pCS2. This strategy was used because nos1 3′ UTR can
induce a rapid degradation of RNA in somatic cells whereas nos1 3′ UTR
bearing TALEN RNA remains stable in germ cells (Koprunner et al., 2001).
To generate gfap TALENs, we used TALE-NT (https://tale-nt.cac.cornell.
edu) (Doyle et al., 2012) for design and Golden Gate TALEN kit (Addgene
TALEN kit 1000000024) for assembly of RVD repeats (Cermak et al.,
2011). To generate TALE nuclease expression vectors, we modified
pCS2TAL3-DD (Addgene plasmid 37275) and pCS2TAL3-RR (Addgene
plasmid 37276) (Dahlem et al., 2012) by subcloning a BamHI/NotI-digested
FokI nuclease fragment, which encodes either EL or KK FokI nuclease, with
nos1 3′ UTR from sox2 TALEN constructs into the expression vectors.
Targeting vector construction

For sox2 targeting constructs, we initially subcloned PCR-amplified 3245 bp
of sox2 genomic DNA fragment into pENTR-D/TOPO vector (designated as
preM1) (Invitrogen). To insert sfGFP sequences in a sox2 stop codon (UAA),
we synthesized sox2 genomic DNA-containing sfGFP sequences by the
overlapping extension PCR method (Geiser et al., 2001). The PCR product
was digested with NcoI and SacI, and subcloned into preM1 to make the M1
targeting construct (Fig. 2A). The remaining seven different targeting
constructs were generated by a simple modification of M1 construct.
To construct gfap targeting vector, 3572 bp genomic DNA containing
gfap exon 9 was amplified by PCR and subcloned into pENTR-D/TOPO
plasmid. tdTomato sequences were introduced into the gfap genomic DNAcontaining construct by the method described above for sox2 targeting
vector. The sequences of targeting constructs are provided in supplementary
material Table S1.
CRISPR/Cas9 system

We used CRISPR Design Tool (http://crispr.mit.edu) (Hsu et al., 2013) to
design sox2 gRNA and gfap gRNA. The sox2 gRNA target sequence is
GGAAACCGAGCTGAAGCCCC and the gfap gRNA target sequence
is GGTGACCAGCCGTCACAGCA. We used pT7-gRNA (Addgene
plasmid 46759) and nls-zCas9-nls (Addgene plasmid 47929) to establish
a CRISPR/Cas9 system and followed the protocols as described previously
(Jao et al., 2013).
Microinjection

sox2 and gfap TALEN RNAs were synthesized using SP6 mMessage
mMachine Kit (Ambion). The synthetic RNAs were purified by Micro BioSpin P-30 Gel columns (Bio-Rad). Linearized targeting constructs were
purified by QIAquick PCR-purification kit (Qiagen). For co-injection, we
mixed a pair of TALEN RNAs, a targeting construct and 10× injection
buffer (1 M KCl, 0.03% Phenol Red) to achieve a final concentration of
35 ng/μl for each TALEN RNA, and 10 ng/μl for targeting construct in
1× injection buffer, and injected approximately 1 nl into the cytosol of early
one-cell zygotes.

Zebrafish husbandry and lines

In vivo recombination analysis

Zebrafish adults and embryos were maintained according to zebrafish facility
SOPs and Guide (http://zebrafish.wustl.edu/sopsandguides.htm), approved by
the Animal Studies Committee at Washington University, St Louis, USA. The
AB strain was used to generate sox2 and gfap knock-in lines. The sox2 and gfap
knock-in lines are designated as sox2-2a-sfGFPstl84 (#3, see Fig. 4B-H,J-N;
Table 1) and gfap-2a-tdTomatostl85 (#1, see Fig. 5C-K; Table 2).

When we injected 35-70 pg of each TALEN RNA or 20-30 pg of targeting
construct alone, the embryos developed normally. However, the majority of
embryos co-injected with over 20 pg of targeting construct and 35-70 pg of
TALEN RNA showed severe malformations at 1 dpf (data not shown).
Hence, we carried out titration experiments to find a dose of the targeting
construct that did not cause developmental defects when co-injected with
TALEN RNA. We observed that the synergistic co-injection effects on
embryos were minimized when the dose of the targeting construct was 10 pg
or lower. Thus, in all the following experiments, one-cell stage embryos
were co-injected with 10 pg of a targeting vector and 35 pg of each TALEN
RNA. At 2 days after injection, 10 of the morphologically normal embryos

TALEN design and construction

We used ZiFit (http://zifit.partners.org/ZiFiT/) (Sander et al., 2011) to design
sox2 TALENs. For the assembly of RVD-containing repeats and subcloning
of TALE repeats into modified TALE nuclease expression vectors, we used

3816

DEVELOPMENT

MATERIALS AND METHODS

RESEARCH ARTICLE

were chosen at random, anesthetized using 0.01% ethyl 3-aminobenzoate
methanesulfonic acid (Sigma-Aldrich), and mounted in 0.5% low-melting
agarose (Lonza) in glass-bottomed 35 mm Petri dishes (MatTek). sfGFP
signal was acquired in a 50 μm thick region of the diencephalon of
individual embryos using Quorum Spinning disc Confocal/IX81 inverted
microscope (Olympus) and Metamorph Acquisition software.
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Targeted insertion screen

Each founder (F0) fish was outcrossed with wild-type fish to obtain F1
progeny from the individual founders. F1 progeny were screened, for sox2
knock-in lines at 1 dpf and for gfap knock-in lines at 2 dpf, using a Zeiss
epifluorescence stereomicroscope. Embryos were anesthetized as described
above and mounted in 1% methylcellulose (Sigma-Aldrich) for imaging
using DFC365 FX camera attached to M205 FA stereomicroscope (Leica).
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Genotyping, T7 endonuclease I assay, quantitative PCR and
Southern blot analysis

For TALEN activity analysis and T7EI assay, genomic DNA from embryos
was isolated using lysis solution [10 mM Tris-HCl ( pH 8), 50 mM KCl,
0.3% Tween, 0.3% NP40 and 1 mg/ml proteinase K]. For knock-in animal
genotyping, qPCR and Southern blot analysis, genomic DNA was purified
using DNeasy Blood & Tissue kit (Qiagen) from frozen tissues of adult
zebrafish.
Genotyping was performed using Taq DNA polymerase (NEB),
LongAmp Taq DNA polymerase (NEB) and Phusion Flash high-fidelity
polymerase (Thermo Scientific). For the T7EI assay, the gRNA targetcontaining amplicon was directly digested with T7 endonuclease I (NEB)
for 2 h. For qPCR, sF1 and sR1 primers were used to amplify the sfGFP
region, and a pair of primers (qF1 and qR1) amplifying a region outside the
recombination site was used for normalization. PCR was performed in
triplicate using SsoAdvanced SYBR Green Supermix (Bio-Rad) and CFX
Connect Real time system (Bio-Rad). Relative sfGFP copy numbers were
calculated using the comparative Ct method. The primers used are listed in
supplementary material Table S2.
Southern blot analysis was performed using 10 μg of genomic DNA of
individual wild-type and sox2 knock-in F1 fish. Briefly, the genomic DNA
was digested overnight with PstI and BamHI, and precipitated with 3 M
sodium acetate and 100% ethanol. The digested DNA was separated on
0.8% seakem GTG gel in 1× TBE buffer and transferred to a nylon
membrane (PerkinElmer gene screen plus). The membrane was UV
crosslinked and hybridized overnight with 32P random prime-labeled
probe (Roche Random Prime Labeling kit). The probe sequence is provided
in supplementary material Table S1.
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For whole-mount in situ RNA hybridization (WISH), we synthesized
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Quorum Spinning disc Confocal/IX81-inverted microscope (Olympus)
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The authors declare no competing financial interests.

RESEARCH ARTICLE

Moscou, M. J. and Bogdanove, A. J. (2009). A simple cipher governs DNA
recognition by TAL effectors. Science 326, 1501.
Park, H.-C., Boyce, J., Shin, J. and Appel, B. (2005). Oligodendrocyte
specification in zebrafish requires notch-regulated cyclin-dependent kinase
inhibitor function. J. Neurosci. 25, 6836-6844.
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Dachsous1b cadherin regulates actin and microtubule
cytoskeleton during early zebrafish embryogenesis

ABSTRACT
Dachsous (Dchs), an atypical cadherin, is an evolutionarily conserved
regulator of planar cell polarity, tissue size and cell adhesion. In
humans, DCHS1 mutations cause pleiotropic Van Maldergem
syndrome. Here, we report that mutations in zebrafish dchs1b and
dchs2 disrupt several aspects of embryogenesis, including
gastrulation. Unexpectedly, maternal zygotic (MZ) dchs1b mutants
show defects in the earliest developmental stage, egg activation,
including abnormal cortical granule exocytosis (CGE), cytoplasmic
segregation, cleavages and maternal mRNA translocation, in
transcriptionally quiescent embryos. Later, MZdchs1b mutants
exhibit altered dorsal organizer and mesendodermal gene
expression, due to impaired dorsal determinant transport and Nodal
signaling. Mechanistically, MZdchs1b phenotypes can be explained in
part by defective actin or microtubule networks, which appear bundled
in mutants. Accordingly, disruption of actin cytoskeleton in wild-type
embryos phenocopied MZdchs1b mutant defects in cytoplasmic
segregation and CGE, whereas interfering with microtubules in wildtype embryos impaired dorsal organizer and mesodermal gene
expression without perceptible earlier phenotypes. Moreover, the
bundled microtubule phenotype was partially rescued by expressing
either full-length Dchs1b or its intracellular domain, suggesting that
Dchs1b affects microtubules and some developmental processes
independent of its known ligand Fat. Our results indicate novel roles
for vertebrate Dchs in actin and microtubule cytoskeleton regulation in
the unanticipated context of the single-celled embryo.
KEY WORDS: Actin, Cell fate, dchs1b, Egg activation, Microtubule,
Morphogenesis

INTRODUCTION

Dachsous is an evolutionarily conserved large cadherin, with roles
in vertebrate embryogenesis that are only beginning to be
understood. Dachsous features 27 extracellular cadherin repeats, a
single-pass transmembrane and an intracellular domain (Clark et al.,
1995). In Drosophila, where dachsous was first identified, it
functions in tissue growth control upstream of Hippo signaling
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(Clark et al., 1995) and planar cell polarity (PCP), the process of
polarizing cells within the tissue plane, acting in part through an
unconventional myosin, Dachs (Cho and Irvine, 2004; Mao et al.,
2006). Studies in Drosophila and cell culture demonstrated that
Dachsous mediates PCP and cell adhesion via heterophilic
intercellular interactions with another cadherin, Fat (Ishiuchi
et al., 2009; Matakatsu and Blair, 2004; Takeichi, 1995). In
Drosophila, phosphorylation of cadherin repeats by the Golgilocalized kinase Four-jointed modulates these interactions
(Ishikawa et al., 2008; Simon et al., 2010). Non-mutually
exclusive models for Dachsous function in planar polarity posit
that it acts upstream and/or parallel to the core PCP components
(Adler et al., 1998; Casal et al., 2006, 2002; Donoughe and
DiNardo, 2011; Ma et al., 2003; Matis et al., 2014; Rawls et al.,
2002; Yang et al., 2002).
Less is known about the two vertebrate homologs, Dachsous1
(Dchs1) and Dachsous2 (Dchs2). Mice homozygous for an
N-terminal deletion of Dchs1 die postnatally, exhibiting
abnormalities in multiple organs (Mao et al., 2011) and defects in
migration of hindbrain branchiomotor neurons (Zakaria et al., 2014).
Mutations in human DCHS1 were recently linked to recessive
Van Maldergem syndrome, with pleiotropic phenotypes including
neuronal periventricular heterotopia (Cappello et al., 2013).
These data establish a requirement for Dchs1 during vertebrate
organogenesis, but the underlying cellular mechanisms are unknown.
Here, we examine Dchs roles in vertebrate development using
zebrafish, the genome of which contains three dchs genes, dchs1a,
dchs1b and dchs2, with dchs1a and dchs1b probably resulting from
genome duplication (Taylor et al., 2003). Through mutational
analyses, we uncovered essential overlapping and unique roles for
dchs1b and dchs2 during embryogenesis. Unexpectedly, maternal
dchs1b activity is uniquely required for egg activation, focusing our
investigation on early dchs1b developmental functions.
Vertebrate embryogenesis is initiated by egg activation and
fertilization, followed by cell cleavages generating the blastula,
which then gastrulates to form the germ layers and basic body plan
(Solnica-Krezel, 2005; Stern, 1992). Zebrafish eggs, composed of
intermixed cytoplasm and yolk, exhibit animal-vegetal polarity
(Houston, 2013; Wallace and Selman, 1990). Egg activation
triggers cortical granule exocytosis (CGE) and cytoplasmic
streaming to form the blastodisc at the animal pole. Cortical
granules (CG) release their contents at the egg cortex, contributing
to chorion expansion and surface remodeling (Fuentes and
Fernandez, 2010; Hart, 1990; Tsaadon et al., 2006; Wong and
Wessel, 2006). Stabilizing or destabilizing F-actin established the
dependence of both CGE and cytoplasmic streaming on a dynamic
actin cytoskeleton (Becker and Hart, 1999; Fernandez et al., 2006;
Hart and Fluck, 1996; Ivanenkov et al., 1987; Leung et al., 2000;
Wolenski and Hart, 1988). Maternally deposited dorsal
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determinants (DDs), including wnt8a mRNA, reside at the vegetal
pole (Kosaka et al., 2007; Lu et al., 2011). Embryonic patterning
requires these vegetally located molecules, as their removal, either
surgically (Jesuthasan and Strähle, 1997; Mizuno et al., 1999) or by
maternal-effect mutations, impairs dorsal axis specification (Ge
et al., 2014; Nojima et al., 2010). During early cleavages, a dynamic
vegetal microtubule network mediates asymmetric transport of DDs
(Lu et al., 2011; Nojima et al., 2004; Tran et al., 2012), which
accumulate in a few marginal blastomeres to establish the
Nieuwkoop center, a key regulator of axis determination (Gore
and Sampath, 2002; Jesuthasan and Strähle, 1997; Lu et al., 2011).
Disruption of these microtubule arrays impairs DD transport and
axis formation (Ge et al., 2014; Gore and Sampath, 2002;
Jesuthasan and Strähle, 1997; Lu et al., 2011; Nojima et al.,
2004; Tran et al., 2012).
Midblastula transition (MBT) occurs around the tenth cell
division, when marginal blastomeres collapse into the yolk,
forming the yolk syncytial layer (YSL), zygotic transcription
starts and cell divisions become asynchronous (Kane and Kimmel,
1993; Kimmel et al., 1995). The YSL is crucial for embryonic
patterning and morphogenesis (Carvalho and Heisenberg, 2010;
Fekany et al., 1999; Mizuno et al., 1999). Dorsal YSL and marginal
blastomeres constitute the Nieuwkoop center where DDs promote
nuclear accumulation of maternal β-catenin, which activates zygotic
transcriptional regulators, including Bozozok/Dharma and secreted
Nodal morphogens, to induce the gastrula organizer and specify
mesendoderm (Carvalho and Heisenberg, 2010; Lachnit et al.,
2008; Mizuno et al., 1999; Rodaway et al., 1999; Shimizu et al.,
2000; Sirotkin et al., 2000; Solnica-Krezel and Driever, 2001).
We generated zebrafish maternal (MZ) dchs1b and MZdchs2
mutants and found that they exhibit epiboly and convergence
and extension (C&E) defects during gastrulation, whereas
only MZdchs1b mutants display egg activation and cell fate
specification defects. Signifying that MZdchs1b phenotypes are
due to cytoskeletal abnormalities, actin and microtubule networks
in MZdchs1b mutants appeared excessively bundled, defects that
were partially rescued by expressing either full-length or Dchs1b
intracellular domain. Accordingly, pharmacologic interference
with actin or microtubule dynamics in wild-type (WT) embryos
phenocopied mutant defects in egg activation or dorsal mesoderm
specification, respectively. Together, these results uncover novel
roles for Dchs1b in embryonic patterning and morphogenesis
through regulation of actin and microtubules, probably
independent of its intercellular ligand Fat.
RESULTS
Generation of nonsense mutations in zebrafish dchs1b and
dchs2 genes

Quantitative RT-PCR (qRT-PCR) revealed that zebrafish dchs1a,
dchs1b and dchs2 genes were expressed maternally and zygotically
(Fig. 1A). Notably, dchs1b transcripts were more abundant
maternally, whereas expression of both dchs1a and dchs2 peaked
during zygotic stages (Fig. 1A). Whole-mount in situ hybridization
(WISH) of dchs transcripts revealed similar ubiquitous distribution
during embryogenesis and enrichment in neural tissues at 24 hpf
(Fig. 1B; supplementary material Fig. S1A). To investigate the unique
and overlapping functions of the three dchs genes we generated two
nonsense mutations in dchs1b and one nonsense mutation in dchs2
through ‘Targeting Induced Local Lesions IN Genomes’ (TILLING)
(Draper et al., 2004; Wienholds and Plasterk, 2004). dchs1bfh274
(C11527T; Q924) and dchs1bfh275 (C11683T; Q976) mutations both
generated amber stop codons, whereas dchs2stl1 (T6528A;Y201)
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mutation yielded the ochre stop codon, with all three mutations
predicted to truncate the proteins early in the extracellular domains
(Fig. 1C,D). qRT-PCR analysis revealed significant reduction of
dchs1b and dchs2 mRNA levels in both alleles of MZdchs1b and
MZdchs2 mutants, respectively, compared with WT (Fig. 1E;
supplementary material Fig. S1B). Notably, dchs1a and dchs2
transcript abundance in MZdchs1b mutants and dchs1a and dchs1b
transcript in MZdchs2 mutants were unchanged (supplementary
material Fig. S1C-E). These results are consistent with nonsensemediated degradation of mRNA encoded by all mutant alleles (Chang
et al., 2007), indicating null or severe hypomorphic mutations.
MZdchs1b mutants display pleiotropic defects during
embryogenesis

Zygotic dchs1b and dchs2 mutants showed no overt developmental
anomalies and developed into fertile adults. Morphological analysis
of in vitro-fertilized time-matched progeny of WT and dchs1b or
dchs2 mutant parents revealed an overall developmental delay of MZ
mutants (Fig. 1F). MZ mutants required 5.5 h, compared with 4 h for
WT, to progress from the shield to yolk plug closure stage, indicating
slower epiboly. Examination of the relative positions of cell typespecific markers to diagnose C&E movements in stage-matched
mutant and WT gastrulae (Jessen et al., 2002) revealed a
mediolaterally wider and anteroposteriorly shorter notochord
marked by no tail/brachyury (ntl) expression in mutant gastrulae at
70% epiboly (Schulte-Merker et al., 1992), suggesting defective C&E
movements (Fig. 1G,H). At early segmentation, the hgg1-expressing
prechordal plate was positioned anterior to the arc-shaped dlx3
domain demarcating neuroectoderm. However, in mutants, the hgg1
domain overlapped with or was positioned posterior to the dlx3
domain, which was also mediolaterally wider, typical of impaired
prechordal mesoderm migration or C&E movements (Heisenberg
et al., 2000; Marlow et al., 1998; Topczewski et al., 2001) (Fig. 1I,J).
Next, we investigated whether delayed gastrulation was due to
earlier defects. Whereas MZdchs2stl1/stl1 mutants progressed
through cleavage and blastula stages normally, compared with
time-matched WT embryos, MZdchs1bfh275/fh275 mutants displayed
defects beginning from fertilization, including smaller blastodiscs
with non-uniform cleavages, thus producing variably sized
blastomeres (Fig. 1F and Fig. 4C). We detected globular yolk-like
inclusions in the blastodiscs of MZdchs1bfh275/fh275, hereafter called
MZdchs1b mutants, but not in WT blastodiscs (Fig. 1F). These
defects varied in penetrance and expressivity, with the most severe
resulting in lethality by 24 hpf. Typically, fewer than 30% of
mutants survived beyond 24 hpf compared with 80% of WT
embryos (supplementary material Fig. S2A). Images in Fig. 1F
represent moderate mutant phenotypes. MZdchs1bfh274/fh274
mutants showed a similar array of abnormalities, indicating that
these defects are specific to loss of maternal and zygotic dchs1b
function (supplementary material Fig. S2D). MZdchs1bfh275/fh275;
MZdchs2stl1/stl1 compound mutant phenotypes resembled those of
single MZdchs1b embryos, albeit occurring with higher penetrance
and more uniform expressivity (Fig. 1F and Fig. 5A,E,G; data not
shown). Detailed analyses of dchs functions during gastrulation will
be described elsewhere. Hereafter, we further investigate the early
developmental roles of MZdchs1b.
Largely normal progression of oogenesis in Mdchs1b
mutants

As defects were already apparent in MZdchs eggs upon fertilization,
we investigated potential dchs roles in oogenesis. Zebrafish
oogenesis consists of five stages with characteristic features that
2705
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Fig. 1. Spatiotemporal expression and mutations in zebrafish dchs genes leading to pleiotropic defects during embryogenesis. (A) qRT-PCR analysis of
the expression of all three zebrafish dchs genes at maternal and zygotic stages normalized to gapdh transcripts. (B) Whole-mount in situ hybridization (WISH)
of dchs1b in WT embryos at four-cell, shield, 90% epiboly and 24-hpf stages. (C) Sanger sequencing trace for dchs2 A-to-T mutations. (D) Schematic of Dchs
protein, with mutations denoted by asterisks. (E) qRT-PCR analysis of dchs1b expression in MZdchs1b relative to WT embryos at maternal and zygotic stages.
(F) Bright-field images of WT, MZdchs1b, MZdchs2stl1/stl1 and MZdchs1bfh275/fh275;MZdchs2stl1/stl1 time-matched embryos at 1, 6 and 10 hpf. Red boxes indicate
distortions in the yolk cell. Large arrowheads denote yolk masses in the blastoderm. Small red arrowheads indicate anterior (A); small blue arrowheads indicate
posterior (P). (G) ntl WISH for stage-matched WT, MZdchs1b and MZdchs2stl1/stl1 embryos at 70% epiboly. Inset depicts time-matched MZdchs1b embryo with a
gap in the ntl expression domain. (H) Quantification of axial mesoderm length in WT (n=111), MZdchs1b (n=414) and MZdchs2stl1/stl1 (n=486) embryos. (I) hgg1
and dlx3 WISH analysis of WT, MZdchs1b and MZdchs2stl1/stl1 stage-matched embryos at two-somite stage (12 hpf ). (J) Quantification of the mediolateral width of
dlx3 domain for WT (n=6), MZdchs1b (n=27) and MZdchs2stl1/stl1 (n=18), shown by black line.
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appeared largely normal in dchs1b mutant oocytes. Microtubuleorganizing centers (MTOCs) were present at stage Ia and lost by
stage Ib in WT and mutant oocytes (Fig. 2A,B). Apical basal
polarity of follicle cells shown by F-actin and β-catenin enrichment
on the follicle cell surface juxtaposed to the oocyte was comparable
between WT and mutant stage Ib oocytes (Fig. 2C; supplementary
material Fig. S2E). Moreover, the presence of a single Balbiani
body in stage Ib and II oocytes of WT and mutants indicated that
dchs mutant oocytes are polarized (Fig. 2D; supplementary material

Fig. S2F). The number of acetylated α-tubulin-labeled microtubules
in stages Ia and Ib was significantly reduced in mutant oocytes
compared with WT but by stage II was comparable (Fig. 2E,F;
supplementary material Fig. S2G). In unactivated and unfertilized
WT and Mdchs1b mutant eggs, vitelline envelope morphology, CG
size, number and distribution at the cortex were comparable
(Fig. 2G). Last, as in WT, polar bodies were extruded from
mutant eggs (Fig. 2H). Taken together, these data indicate that
Dchs1b is dispensable for zebrafish oogenesis.
2707
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Fig. 2. dchs1b oogenesis is largely unaffected. (A) γ-tubulin immunostaining reveals a perinuclear MTOC ( pink arrowhead) in the stage Ia oocyte that is
lost during stage Ib of oogenesis in WT and dchs1b mutants. (B) Quantification of MTOC in oocytes from two WT and three mutant ovaries. (C) Rhodamine
Phalloidin labels actin filaments in the cortical ooplasm and in the follicle cell layer. β-catenin localizes to the oocyte cortex or membrane in stage Ib oocytes.
(D) H&E-stained ovary sections of WT and Mdchs1b ovaries reveal normal polarization of stage Ib oocytes as indicated by the presence of the Balbiani body
(black arrowheads). (E) WT and Mdchs1b mutant stage II oocytes stained with antibody against acetylated α-tubulin. (F) Quantification of acetylated microtubules
from five WT and seven mutant ovaries. (G) H&E-stained ovary sections reveal cortical granule movement toward the cortex, structure of the vitelline envelope
(VE) and the two layers of somatic follicle cells surrounding stage III oocytes of WT and Mdchs1b mutants. CGs, cortical granules; FCs, follicle cells. (H) F-actin
labeling of polar bodies in unfertilized eggs fixed at 0 mpa, with completion of meiosis indicated by the appearance of the polar body and the pronucleus from WT
and Mdchs1b mutant eggs.
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Fig. 3. Egg activation defects in MZdchs1b and cytochalasin D-treated WT embryos. (A) Maximum z-projection of phalloidin (green) and MPA (red)
staining of activated WT and M or MZdchs1b eggs fixed at 1, 5 and 15 mpa. (B) Overlay of bright-field and auto-fluorescent maximum z-projections of WT,
MZdchs1b eggs at 40 mpa. (C) Single z-plane images from time-lapse movies of single embryos in grayscale, and overlay of five pseudo-colored WT Tg[β-actin:
Utrophin-GFP], MZdchs1b;Tg[β-actin:Utrophin-GFP] and WT Tg[β-actin:Utrophin-GFP] +3 μg/ml cytochalasin D-treated embryos at 15 mpf and 75 mpf.
(D) Maximum z-projection images from time-lapse movies of WT, and MZdchs1b embryos in bright-field at frames 14, 22 and 44 with PIV analysis overlaid.
PIV analysis: red arrows, towards the animal pole; blue arrows, towards the vegetal pole; arrow length indicates movement magnitude. Leftmost panels: pseudocolored first frame (magenta) and last frame (green) overlaid. (E) Quantification of cytoplasmic movement with PIV for WT (n=8) and MZdchs1b (n=9) embryos.
Blue lines represent center of embryos marked by blue boxes in left panels in D, and orange lines represent both edges of embryos demarcated by orange
crescent boxes in D. Left graphs show magnitude of motion and right graphs show magnitude of motion with respect to embryonic A/V axis. Graphs are plotted
with s.d. bars.
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Delayed CGE in Mdchs1b mutants

Upon activation, delayed CGE in Mdchs1b mutant eggs was evident
from stereomicroscopic analysis (data not shown). We next labeled
CGs in fixed eggs using fluorescent dye-conjugated Maclura
pomifera agglutinin (MPA) (Becker and Hart, 1999; Dosch et al.,
2004; Mei et al., 2009; Talevi et al., 1997). At 1 min post activation
(mpa), CGE in WT and Mdchs1b eggs were comparable. By 5 mpa,
WT eggs had largely completed CGE, whereas CGs persisted in
mutant eggs until ∼15 mpa (Fig. 3A). Consistent with delayed
CGE, chorion expansion in mutants was delayed relative to WT
(supplementary material Movie 1). As histological analysis of
ovaries revealed no overt differences between CG formation or
distribution in WT and Mdchs1b oocytes (Fig. 2H; supplementary
material Fig. S2F), we conclude that maternal dchs1b function
promotes CGE during egg activation.
dchs1b function is required for actin-dependent separation
of yolk and cytoplasm

Several lines of evidence implicate maternal Dchs1b function in
cytoplasmic streaming. First, in the blastodisc of cleavage-stage

MZdchs1b mutants, we observed amorphous yolk masses (Fig. 1F),
which were apparent by yolk autofluorescence (Fig. 3B). Second,
visualizing F-actin using Tg[β-actin:utrophin-GFP] (Behrndt et al.,
2012) revealed cytoplasm persisting within the yolk of mutants at
75 mpf, when most of the actin-containing cytoplasm had
segregated into the blastodisc of WT embryos (Fig. 3C,D). Third,
spinning-disk confocal time-lapse microscopy and particle image
velocimetry (PIV) analysis (Prasad and Jensen, 1995; Yin et al.,
2008) of internal movements of the cytoplasm during egg activation
in WT revealed periods of robust animal-ward movements at the
blastodisc yolk cell interface punctuated by smaller fluctuations
towards the vegetal pole, reminiscent of ebb and flow motion
(Fig. 3D; supplementary material Movie 2). The initial surge of
animal-ward movement in central regions of WT embryos at 30 mpf
averaged 7 µm/min and was mirrored by smaller 3 µm/min vegetalward movements at the cortex, followed by smaller ebb and flow
movements (Fig. 3E). The vigorous movements appeared wellorganized with two centers of circular motion, which we interpret as
a circular, toroidal movement within the yolk (Fig. 3D). All
movements were of smaller amplitude in MZdchs1b mutants, with
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Fig. 4. Uncoupling of cell division and
MBT in MZdchs1b mutants. (A) One-cell
division from early anaphase to the next
early anaphase in WT and MZdchs1b
blastula-stage embryos. (B) Quantification
of length of cell divisions in WT (blue)
and MZdchs1b (red) embryos.
(C) Quantification of length of the longest
cell axis in 128-cell-stage WT and
MZdchs1b embryos. (D) Zygotic expression
of boz in MZdchs1b, MZdchs2stl1/stl1 and
MZdchs1bfh275/fh275;MZdchs2stl1/stl1
mutants compared with WT relative to MBT.
(E) mxtx2 WISH in time-matched WT and
MZdchs1b embryos, labeling YSN at 4 hpf;
animal-pole view. (F) H2B-GFP labeling of
YSN in WT and MZdchs1b embryos.
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the maximum being 4 µm/min, the organized toroidal movements
were lost and coordination of central movements and cortical flow
was impaired (Fig. 3D,E; supplementary material Movie 3). The
ooplasmic streaming abnormalities and delayed CGE, as well as
bundled actin later in development (supplementary material
Fig. S4E), imply actin cytoskeleton deficits in MZdchs1b
mutants, as both processes rely on F-actin dynamics (Becker and
Hart, 1999).
Delayed and abnormal cleavages with normal aspects of
MBT in MZdchs1b mutants

Time-lapse analyses also revealed delayed and non-uniform
cleavages in MZdchs1b mutants. Quantification of cleavage cycle
length from anaphase to anaphase revealed an average of 15 min in
2710

WT embryos, compared with, on average, 19 min and up to 40 min
in MZdchs1b mutants (Fig. 4A,B). In addition to longer cleavage
cycles, MZdchs1b mutants displayed abnormal cleavage patterns,
such that cells divided into three or more daughters, yielding
differently sized blastomeres (Fig. 4C; supplementary material
Movies 4 and 5).
To determine whether subsequent developmental processes were
delayed in MZdchs1 mutants, we analyzed MBT onset, marked by
activation of zygotic transcription, appearance of YSL nuclei (YSN)
and loss of cell division synchrony (Kane and Kimmel, 1993).
Surprisingly, qRT-PCR revealed comparable expression onset for
several zygotic genes, including boz/dharma, bmp2b, sqt, cyc and
chordin (Schulte-Merker et al., 1997; Sirotkin et al., 2000; SolnicaKrezel and Driever, 2001; Yamanaka et al., 1998) between WT and
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Fig. 5. Mesoderm specification is deficient in MZdchs1b embryos and WT embryos with impaired cytoskeleton. (A) ntl expression in MZdchs1b,
Mdchs1b and MZdchs1bfh275/fh275;MZdchs2stl1/stl1 stage-matched embryos at 30% epiboly; animal-pole view. (B) Quantification of gaps in ntl expression in WT,
Mdchs1b and MZdchs1b embryos. (C) ntl expression in WT embryos treated with DMSO, 5 μM taxol, 3 μg/ml cytochalasin D and 0.01 μg/ml nocodazole at 30%
epiboly; animal-pole view. (D) chd expression domain in WT, Mdchs1b and MZdchs1b embryos. Insets show embryos with gap in expression domain. (E) gsc
expression in WT, MZdchs1b, MZdchs2stl1/stl1 and MZdchs1bfh275/fh275;MZdchs2stl1/stl1 stage-matched embryos at 30% epiboly; animal-pole view. Inset
in MZdchs1b panel shows representative image of disrupted gsc domain. (F) Measurement of the chd expression domain in degrees for embryos shown in D.
(G) Measurement of the gsc expression domain in degrees for embryos shown in E.
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MZdchs1b mutants (Fig. 4D and Fig. 6B; supplementary material
Fig. S3A,B,E). Upon YSL formation, the YSN undergo several
divisions and spread towards the animal and vegetal poles
(D’Amico and Cooper, 2001; Solnica-Krezel and Driever, 1994).
YSN appeared on time in MZdchs1b mutants, although their
distribution revealed by mxtx2 (Hong et al., 2011) or H2B-GFP
labeling was abnormal, compared with uniformly spaced YSN in
WT (Fig. 4E,F). Hence, although MZdchs1b mutants appeared
morphologically younger than age-matched WT embryos, aspects
of MBT occurred on time.
Abnormal Nodal signaling in MZdchs1b mutant blastulae

The YSL is a source of signals that induce and pattern germ layers
(Carvalho et al., 2009; Chen and Kimelman, 2000; Fekany et al.,
1999; Mizuno et al., 1999; Yamanaka et al., 1998). Given the
abnormal YSN distribution in MZdchs1b mutants, we investigated
YSL-mediated inductive events. The pan-mesodermal marker ntl
(Schulte-Merker et al., 1994) was detected at 30% epiboly in a
continuous ring around the blastoderm margin in WT, but the ntl
domain was punctuated by gaps in ∼30% of Mdchs1b and MZdchs1b
embryos (Fig. 5A,B). The gastrula organizer markers chordin (chd)
and goosecoid (gsc) were expressed in an arc of 60° and 75°,
respectively, in WT, whereas both domains were significantly
reduced or interrupted in MZdchs1b mutants (Fig. 5D-G). In
WT gastrulae, sox17 expression marks endodermal precursors
and dorsal forerunner cells (Alexander and Stainier, 1999; Engleka
et al., 2001; Hudson et al., 1997). Mutants had fewer sox17expressing endodermal cells, and the forerunner cell domain was
vegetally displaced relative to the blastoderm margin and fragmented
(supplementary material Fig. S3C).

As both mesendoderm and the Nieuwkoop center were aberrant
in MZdchs1b mutants (Fig. 5A-G), we investigated the signals
inducing them. Nodal morphogens induce mesodermal and
endodermal tissues in a concentration-dependent manner (Agius
et al., 2000; Chen and Schier, 2001; Erter et al., 1998; Gritsman
et al., 2000; Jones et al., 1995). Transcripts of the Nodal signaling
ligands cyclops (cyc) and squint (sqt) were expressed in a
continuous ring at the blastoderm margin of 30% epiboly WT
blastulae (Chen and Schier, 2001; Erter et al., 1998; Feldman et al.,
1998; Sampath et al., 1998), and discontinuous domains in
MZdchs1b mutants (Fig. 6A; supplementary material Fig. S3D).
Consistently, qRT-PCR revealed significantly reduced abundance
of both cyc and sqt transcripts in MZdchs1b compared with WT
(Fig. 6B; supplementary material Fig. S3E). To assess Nodal
signaling functionally, we analyzed nuclear accumulation of the
transcription factor Smad2 (Saka et al., 2007; Schier and Shen,
2000). Using the Tg[β-actin:smad2-GFP] transgene reporter of
Nodal activity in vivo (Dubrulle et al., 2015), we observed a
significantly reduced ratio of nuclear-to-cytoplasmic Smad2-GFP
in MZdchs1b blastulae compared with WT (Fig. 6C,D). Together,
these results indicate that reduced Nodal signaling partially accounts
for the mesendodermal and Nieuwkoop center deficits of
MZdchs1b embryos.
Impaired wnt8a RNA translocation in MZdchs1b mutants

Nieuwkoop center formation requires microtubule-dependent
asymmetric transport of DDs, such as wnt8a mRNA, from the
vegetal pole to the future dorsal side of the embryo (Ge et al., 2014;
Gore and Sampath, 2002; Jesuthasan and Strähle, 1997; Lu et al.,
2011; Nojima et al., 2010; Shao et al., 2012; Tran et al., 2012).
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Fig. 6. Reduced Nodal signaling in MZdchs1b embryos. (A) sqt expression in stage-matched WT and MZdchs1b embryos; animal-pole view. (B) Quantitative
RT-PCR of sqt RNA in time-matched WT and MZdchs1b embryos during MBT. (C) Max z-projection of time-matched WT Tg[smad2-GFP] and MZdchs1b;
Tg[smad2-GFP] embryos at 3.5 hpf. (D) Quantification of nuclear-to-cytoplasm ratio for GFP intensity in WT Tg[smad2-GFP] and MZdchs1b;Tg[smad2-GFP]
embryos shown in C.
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Fig. 7. Abnormal wnt8 expression-domain shift and vegetal microtubule populations in MZdchs1b mutants, and dchs1b RNA rescue of the
microtubule phenotype. (A) wnt8a expression in WT and MZdchs1b embryos at four- and 32-cell stages. Black bars mark the angle between the edge of wnt8a
expression domain from the vegetal pole. (B) Quantification of the angle between the edge of the wnt8a expression domain and the vegetal pole for WT and
MZdchs1b embryos at four- and 32-cell stages. ***P<0.005. (C) DM1α labeling of vegetal-pole microtubules for WT and MZdchs1b embryos at 20 mpa. Top
panels show parallel microtubule arrays in tangential view of embryos. Bottom panels show higher magnification views, with black arrowheads indicating crossing
microtubules. (D) Plot profile of WT and MZdchs1b parallel arrays for intensity. (E) DM1α labeling of microtubules in WT, MZdchs1b and MZdchs1b embryos
injected with dchs1b full-length RNA and ICD RNA at 40% epiboly. (F) Quantification of rescue-of-yolk microtubule phenotype, with different doses of dchs1b fulllength or ICD RNAs. MZdchs1b is statistically different from all other conditions. ns, not significant; ***P<0.0001.
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Disrupting cytoskeleton dynamics in WT embryos
phenocopies MZdchs1b mutant defects

We employed a pharmacological approach to determine whether
specifically targeting actin or microtubules could phenocopy
MZdchs1b defects. Partial disruption of the F-actin network
(supplementary material Fig. S5A) of Tg[β-actin:utrophin-GFP]
embryos using 3 µg/ml of cytochalasin D in the medium from
activation (Cooper, 1987; Leung et al., 2000; Schliwa, 1982)
impeded yolk/cytoplasm segregation similar to MZdchs1b mutants.
Globular yolk inclusions occupied the blastodisc, while
cytoplasmic islands remained in the yolk at 75 mpf (Fig. 3C). At
10-15 µg/ml of cytochalasin D, CGE was perturbed, chorions did
not fully expand, cytoplasmic streaming was blocked
(supplementary material Fig. S5B) and development arrested. We
then assessed the effect of 3 µg/ml cytochalasin D treatment on
mesodermal specification and found that a fraction of treated
embryos had uneven ntl marginal domains and reduced gsc
expression domains, similar but milder phenotypes than those in
MZdchs1b mutants (Fig. 5C; supplementary material Fig. S5C).
Next, we perturbed microtubule dynamics using nocodazole to
prevent tubulin polymerization, or taxol to stabilize microtubules
(Heidemann et al., 1980). Culturing WT embryos in 0.001, 0.002
and 0.005 µg/ml of nocodazole or 5 µM taxol from 10 mpa did not
affect cytoplasmic streaming during egg activation. Microtubuleinhibiting drugs were added at 1 hpf to test the effect on mesoderm
formation to avoid interference with initial wnt8a translocation. The
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WISH revealed proper vegetal pole localization of wnt8a transcripts
in unactivated Mdchs1b eggs (supplementary material Fig. S4A).
However, animal-ward translocation of wnt8a RNA following
fertilization was reduced in MZdchs1b embryos compared with WT
(Fig. 7A,B). Moreover, in some embryos, wnt8a expression
expanded symmetrically (supplementary material Fig. S4A).
wnt8a mRNA transport is mediated by microtubules, which, after
egg activation, form transient parallel arrays aligning with the future
dorsal side of the embryo (Lu et al., 2011; Tran et al., 2012).
Therefore, we hypothesized that impaired transport of wnt8a in
MZdchs1b embryos was due to microtubule abnormalities.
Visualizing microtubules with the DM1α antibody in
immunofluorescence and using Tg[XlEef1a1:dclk2-GFP], we
observed parallel arrays of microtubules that appeared misoriented
in mutants, crossing each other (Fig. 7C; supplementary material
Fig. S4C) and were more bundled, as evidenced by higher intensity
in Mdchs1b mutants compared with WT (Fig. 7D). Progressive
bundling resulted in dramatically different appearances of vegetal
microtubules during gastrulation (Fig. 7E; supplementary material
Fig. S4D). Notably, microtubule bundling could be partially
rescued by injection at one-cell stage of synthetic RNAs encoding
either full-length Dchs1b-sfGFP or Dchs1b intracellular domain
(Fig. 7E,F). We posit that these vegetal microtubule abnormalities in
MZdchs1b mutants could impede translocation of wnt8a transcripts,
consequently resulting in Nieuwkoop center and gastrula organizer
deficiencies (Fig. 5D-G).

treated embryos had punctuated marginal ntl domains and smaller or
fragmented gsc domains, phenocopying MZdchs1b mutant defects
(Fig. 5C; supplementary material Fig. S5D). In embryos cultured
with 0.002 µg/ml and 0.005 µg/ml nocodazole, ntl expression was
reduced to one side of the embryo and gsc expression was absent
(supplementary material Fig. S5D). Surprisingly, taxol caused
similar defects in mesoderm formation in WT embryos, suggesting
that changing the dynamics of microtubules, whether destabilizing
or stabilizing, produced MZdchs1b-like phenotypes (Fig. 5C;
supplementary material Fig. S5C,D). Based on the similar defects
observed in MZdchs1b mutants and pharmacological disruption of
microtubule and/or actin cytoskeletons in WT, the abnormal
microtubule and actin networks in mutants (Fig. 3C and Fig. 7C),
and rescue of microtubule bundling by expressing Dchs1b
(Fig. 7E,F), we propose that Dchs1b regulates the dynamics of the
actin and/or microtubule networks to promote egg activation and
early patterning.
DISCUSSION

Here, we have identified novel roles for Dchs1b in early patterning
and morphogenesis at the earliest stages of zebrafish development,
the transcriptionally silent egg and blastula, without perceivable
defects in oogenesis. Drosophila Dachsous functions as a Fat ligand
to regulate growth through Hippo signaling, planar polarity and cellcell adhesion in epithelial tissues (Casal et al., 2006; Clark et al.,
1995; Ishiuchi et al., 2009; Rawls et al., 2002; Strutt and Strutt,
2002; Yang et al., 2002). In PCP regulation, Dachsous is proposed
to be instructive in promoting polarity of apical microtubule arrays
that mediate asymmetric transport of core PCP proteins (Harumoto
et al., 2010; Matis et al., 2014). The essential function of Dchs1b in
vertebrate development was revealed by pleiotropic phenotypes and
postnatal lethality of Dchs1 knockout mice (Mao et al., 2011;
Zakaria et al., 2014). Furthermore, in humans, DCHS1 mutations
can lead to a recessive syndrome characterized by pleiotropic
phenotypes including periventricular neuronal heterotopia
(Cappello et al., 2013). However, the cellular mechanisms via
which Dchs affects vertebrate development are unknown. We
propose that in zebrafish zygotes and early embryos, Dchs1b
coordinates CGE, cytoplasmic segregation and maternal mRNA
translocation by regulating the organization and dynamics of the
actin and microtubule cytoskeleton, probably via a Fat- and PCPindependent mechanism. Indeed, the MZ PCP pathway mutants
trilobite/vangl2 and knypek/glypican4 do not exhibit such early
developmental defects (Ciruna et al., 2006; Topczewski et al.,
2001).
Zebrafish MZdchs1b and MZdchs2 mutants afforded assessment
of the earliest dchs functions in embryogenesis. Correlated with its
strong maternal expression, only MZdchs1b embryos exhibited preMBT phenotypes (Fig. 1). That two independent nonsense alleles
manifest the same spectrum of phenotypes and that dchs1b RNA
rescued abnormal microtubule organization in the YSL provides
evidence that the observed phenotypes are due to loss of dchs1b
function. The variable penetrance and expressivity of MZdchs1b
phenotypes is typical of other zebrafish maternal and MZ mutants,
such as ichabod/β-catenin2, bozozok and squint (Fekany et al.,
1999; Kelly et al., 2000; Sirotkin et al., 2000). Functional
redundancy between the three dchs genes is supported by reduced
phenotypic variability and increased phenotypic severity in
MZdchs1bfh275/fh275;MZdchs2stl1/stl1 compound mutants (Fig. 1F
and Fig. 5A,E,G).
A striking finding is the essential role Dchs1b plays in the singlecelled egg and early zygote. Mdchs1b mutants showed delayed
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CGE and incomplete cytoplasmic segregation (Fig. 3). These eggactivation processes occur minutes after an egg is laid and are
independent of fertilization, transcriptional activity and cell-cell
interactions. Based on our histological findings these defects are
proximal to Dchs1b rather than reflecting abnormalities during
oogenesis. First, hallmarks of oocyte/egg polarity examined were
normal in Mdchs1b mutants (Fig. 2; supplementary material
Fig. S2E-G): Balbiani bodies were present, a single cytoplasmic
island and single micropyle occupied the animal pole, and wnt8a
maternal mRNA was localized at the vegetal pole. Additionally,
CGs translocated to the cortex and polar bodies were extruded
normally. However, as we did not examine every aspect of
oogenesis, the possibility of Dchs-mediated intercellular
interactions during early oogenesis cannot be fully ruled out.
These analyses indicate that egg activation processes, which are
dependent on dynamics of actin or microtubule cytoskeleton,
become defective in M or MZdchs1b mutants after activation/
fertilization of the egg. The observation that injection of synthetic
RNA encoding Dchs1b intracellular domain rescued abnormal
organization of the microtubule network in the syncytial yolk cell
(Fig. 6E,F) further strengthens the notion that Dchs1b has activities
independent of intercellular interactions with Fat. This contrasts
with all previous studies that implicated Dachsous in multicellular
or tissue contexts, where Dachsous functions through heterophilic
intercellular interactions with Fat (Casal et al., 2006; Clark et al.,
1995; Ishiuchi et al., 2009; Rawls et al., 2002; Strutt and Strutt,
2002; Yang et al., 2002). The consequences of inactivating the
maternal Dchs function in these systems remain to be investigated.
Our data support a novel Dchs1b role in mediating and
coordinating multiple processes during early development. During
egg activation in M/MZdchs1b mutants, CGE and cytoplasmic
streaming were both delayed and cytoplasmic streaming was
uncoordinated (Fig. 3). During cytoplasmic streaming, actindependent movement of cytoplasm between the central and
peripheral yolk were uncoordinated and the organized centers of
motion present in WT were lost in MZdchs1b mutants. Later events
that together constitute MBT were disassociated in MZdchs1b, with
YSL appearance and zygotic transcription initiation of several
zygotic genes occurring on time in mutants, despite delayed and
uneven maternal cell divisions (Fig. 4). This lack of coordination in
MZdchs1b mutants is interesting in light of the well-established role
for Dachsous in Drosophila planar polarity, as, after all, planar
polarity entails coordination of cell polarity across a tissue
(Goodrich and Strutt, 2011).
Unexpectedly, MZdchs1b mutants also displayed dorsal
organizer and mesendoderm deficiencies. As the underlying
cellular mechanism that leads to MZdchs1b phenotypes we
implicated defective cytoskeletal dynamics through four nonmutually exclusive models (Fig. 8). First, in the mutant blastodisc,
defective cytoplasmic streaming produces ectopic yolk masses
(Fig. 3B,C), which later present physical obstacles to cell migration
and morphogen diffusion and could reduce Nodal signaling (Fig. 6),
leading to mesendoderm deficiencies (Fig. 5). In the current model
for Nodal morphogen gradient formation, ligand travels through
tissue via diffusion and is hindered by binding and tortuosity created
by cells in the tissue (Muller et al., 2013). Second, the transient
parallel microtubule arrays were more bundled and misoriented in
MZdchs1b mutants compared with WT, and maternally deposited
wnt8a mRNA that is translocated upon fertilization by the
microtubule cytoskeleton (Lu et al., 2011; Tran et al., 2012)
displayed abnormal distribution after fertilization (Fig. 7A,B).
Therefore, abnormal organization and function of microtubules in
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Fig. 8. Model for Dchs1b function during early
embryogenesis. (Left) MZdchs1b mutants show
uncoordinated movement of actin containing
cytoplasm, leading to incomplete yolk-cytoplasm
segregation. Insets show vegetal views of parallel
array microtubules. (Middle) Dorsal view, transport
of dorsal determinant is abnormal in MZdchs1b
mutants; mutant blastoderm retains yolk while
cytoplasm is present in the yolk cell. (Right)
MZdchs1b mutant gastrula displays defects in
YSN organization, microtubule bundling and
mesoderm, irregular β-catenin nuclear distribution
and organizer gene expression.
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pathway (Cho et al., 2006). However, we have not ruled out tissuespecific growth and morphogenesis defects later in development, as
zebrafish dchs2 morphants have been shown to display craniofacial
defects (Le Pabic et al., 2014). Recent studies show an intriguing
relationship between cell polarity and fate with Hippo signaling in
the mouse blastocyst (Anani et al., 2014; Hirate et al., 2013; Kono
et al., 2014). Moreover, Hippo signaling pathway components can
modulate the Wnt/β-catenin pathway in multiple contexts, including
the Drosophila wing imaginal disk, and murine kidney and heart
(Baena-Lopez et al., 2008; Heallen et al., 2011; Imajo et al., 2012;
Varelas et al., 2010). Furthermore, the Hippo pathway can both
regulate and respond to the actin cytoskeleton during collective cell
migration and cell polarization (Bertrand et al., 2014; Low et al.,
2014; Lucas et al., 2013). These studies pose a fascinating web of
possible genetic and functional interactions for Dchs in other
developmental processes. Answering the question of how Dchs
functions during development will reveal which roles are conserved
from Drosophila to vertebrates and will shed light on how it leads to
pleiotropic phenotypes in patients with Van Maldergem syndrome.
MATERIALS AND METHODS
Zebrafish lines

AB, Tg[XlEef1a1:dclk2-GFP], Tg[β-actin:utrophin-GFP] and Tg[β-actin:
smad2-GFP] (Campinho et al., 2013; Tran et al., 2012) lines were used.
TILLING to generate dchs1bfh274 and dchs1bfh275and dchs2stl1 mutations
was performed as described (Draper et al., 2004). This study was performed
in strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. All
procedures and experimental protocols approved by the Animal Studies
Committees of Harvard University, Fred Hutchinson Cancer Research
Center, Albert Einstein College of Medicine and Washington University
School of Medicine.
Embryo staging and maintenance

In vitro fertilization was used to generate time-matched WT and mutant
embryos, the age of which is reported as hours post fertilization (hpf ).
Stage-matched mutant and WT embryos were collected from pairwise
crosses that spawned within 10 min of each other and were matched by
morphological landmarks at the time of the experiment (Kimmel et al.,
1995). Embryos were kept in egg water (60 µg/ml Instant Ocean in distilled
water) at 28.5°C.
Live imaging
Cytoplasmic streaming

WT and Mdchs1b eggs were fertilized in vitro, activated in egg water for
8 min at room temperature (RT), manually dechorionated and mounted in
0.3-0.5% low-melting-temperature agarose (LMA; Seaplaque, catalog
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MZdchs1b mutants could lead to impaired dorsal determinant
translocation, thereby affecting β-catenin nuclear localization
(supplementary material Fig. S4C), and, consequently, β-catenindependent zygotic gene expression in the Nieuwkoop center and
dorsal mesoderm, such as sqt, gsc and ntl (Fig. 5) (Schulte-Merker
et al., 1994; Schier and Shen, 2000; Chen and Schier, 2001; Erter
et al., 1998; Feldman et al., 1998). Third, as the dorsal YSL is the
initial source of Nodal signaling at the onset of MBT (Chen and
Kimelman, 2000), the disorganized microtubule cytoskeleton
and YSN on the dorsal side of MZdchs1b blastulae, where
nuclear β-catenin initially accumulates (Kelly et al., 2000), might
compromise Nodal signaling as well. Last, a model for mechanical
induction of mesoderm and phosphorylation of β-catenin due to
physical stress caused by epiboly has been recently proposed
(Brunet et al., 2013). The hyperbundled cytoskeleton (Fig. 7E;
supplementary material Fig. S4D,E) in MZdchs1b yolks could lead
to differential stress at the blastoderm margin, contributing to
mesoderm deficiencies. All these mechanisms could contribute
to the variable defects seen in MZdchs1b mutants (Fig. 8).
The abnormalities seen in Mdchs1b and MZdchs1b embryos can
be traced back to defects in cytoskeletal dynamics. We posit that
Dchs1b regulates both the actin and microtubule cytoskeletal
systems independently, as perturbation of either in WT embryos
phenocopied unique subsets of mutant defects: e.g. perturbing actin
but not microtubules led to defects in cytoplasmic streaming. In
Drosophila, Dachsous regulates the unconventional myosin Dachs
(Cho and Irvine, 2004; Mao et al., 2006); however, its vertebrate
homolog remains to be identified. Additionally, Dachsous regulates
dynamics of non-centrosomal microtubules in Drosophila, where
both alignment and asymmetric distribution are affected in mutants
(Harumoto et al., 2010; Matis et al., 2014). However, how Dachsous
interacts with and regulates microtubules remains unknown.
Identification of molecular links between Dchs and the
cytoskeleton in vertebrates is an important future goal.
We have discovered an essential role for Dchs1b during early
vertebrate morphogenesis and cell-fate specification through
regulation of the actin and microtubule cytoskeleton. However, it
remains to be determined whether all MZdchs1b mutant defects can
be explained by the loss of Dchs1b regulation of the cytoskeleton in
the affected processes, or whether some are secondary to earlier
abnormalities. We found that both MZdchs1b and MZdchs2stl1/stl1
mutant embryos display C&E defects during gastrulation, but
whether Dchs achieves this by influencing PCP in zebrafish gastrula
is unclear. Additionally, we observed no overt growth defect in
MZdchs1b mutants as in Drosophila, where Ds regulates the Hippo
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number 50100) in 0.3× Danieau’s buffer on a round #1 coverglass bottom
dish. z-stack time-lapses were collected using a spinning-disk confocal
microscope (SDCM; Olympus IX81, Quorum) in bright-field with a 10×
objective, from 14-59 mpf. Each step in the z-stack was 3 μm and the entire
stack was 55 slices, with stacks collected every minute.
Vegetal microtubules

Tg[XlEef1a1:dclk2-GFP] and Mdchs1b; Tg[XlEef1a1:dclk2-GFP]
embryos were collected within three minutes of each other, manually
dechorionated and mounted as above. z-stack time-lapses were collected
using SDCM with a 491-nm wavelength laser at 10×, with z-slice of 3 μm
and 51 z-slices from 0.5 to 6.5 hpf every 3 min, or at 40×, with z-slice of
0.5 μm and 33 slices from 15 to 30 mpa every minute.
Autofluorescence of yolk

WT and Mdchs1b 40 mpa embryos were mounted as described above. zstacks were collected with SDCM with a 491-nm wavelength laser and DIC
at 10× with z-slices of 3 µm.
Cell division

Embryos were injected with 70 pg of H2B-GFP RNA at one-cell-stage and
counterstained with CellTrace Bodipy (C34556) at 1:100. z-stacks were
collected at 1 hpf with SDCM with 491 and 561 nm wavelength lasers at
10× with z-slices of 3 µm.
Nuclear labeling of YSL

70 pg of H2B-GFP RNA was injected into the YSL around 3 hpf. z-stacks
were collected at 4 hpf with SDCM with a 491-nm wavelength laser 10×
with z-slices of 3 µm.
Immunohistochemistry (IHC)
DAB
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and average magnitude in the animal pole direction were calculated as a
function of time.
Ovary histology and confocal immunofluorescence

Females were anesthetized in Tricaine as described (Westerfield, 1995).
Ovaries were dissected and fixed in 4% PFA overnight. Sectioning and
hematoxylin & eosin (H&E) staining were performed as in Hartung et al.
(2014). Images were acquired using an Axioskop2 microscope and an
Axiocam CCD camera (Zeiss).
Anesthetized WT of dchs1bfh275/fh275 females were squeezed to obtain
unfertilized eggs, which were fixed immediately or at 0 and 2 mpa. For
β-catenin and γ-tubulin IHC, samples were fixed with 4% PFA and were
performed using either anti-β-catenin (C2206, Sigma) or anti-γ-tubulin
(T5326, Sigma) antibodies diluted 1:1000. For tubulin IHC, samples were
fixed according to Gard (1991) and were performed using anti-acetylated
α-tubulin (T6793, Sigma) diluted at 1:1000. Alexa Fluor 488 and Alexa Fluor
568 (Invitrogen) secondary antibodies were diluted 1:500. For F-actin labeling,
samples were fixed for 4 h at 4°C in 3.7% formaldehyde in Actin stabilizing
buffer (ASB) as in Becker and Hart (1999), then staining of oocytes was
performed as described in Topczewski and Solnica-Krezel (1999) using 66 nM
Rhodamine Phalloidin (R415, Life Technologies) for 1 h at RT. F-actin
labeling of polar bodies was performed as described in Dekens et al. (2003)
using 33 nM Rhodamine Phalloidin (R415, Life Technologies) overnight at
4°C. All fluorescently labeled samples were mounted in VECTASHIELD with
DAPI (H-1200, Vector Laboratories). Maximal z-projections of AcTub
immunostaining were thresholded using ImageJ, and the number of objects
≥3 μm2 was calculated with the ‘Analyze Particles’ feature. Images of F-actinlabeled polar bodies were acquired with a Zeiss LSM5 Live DuoScan linescanning confocal image using a 10×/0.45 air objective. All other samples
were imaged with a Leica SP2 point-scanning confocal microscope using
either the 40×/1.25 or 63×/1.4 oil-immersion objective.
Pharmacological treatments

Embryos were fixed in 4% paraformaldehyde at 3 hpf, washed in PBS and
blocked in 10% FBS in PBSTween. Primary antibody: anti-β-catenin Sigma
C7207 (1:250 dilution). The stained embryos were developed using Vectastain
ABC vector kit (PK-6102) and ImmPACT DAB kit (SK-4105). Microtubule
staining with anti-DM1α antibody (CALBIOCHEM, #CP06; 1:500 dilution)
at 50% epiboly and Alexa Fluor goat anti-mouse secondary antibody
(#A11031; 1:500 dilution) was performed according to Gard (1991) with
modification by Solnica-Krezel and Driever (1994).

Eggs were fertilized in vitro, activated and cultured in egg water containing
3 µg/ml of cytochalasin D (Sigma, #C8273), 0.05 µM of nocodazole
(Sigma, #M1404) or 1 µM taxol (Sigma, #T7191) in DMSO until desired
stages. For live-imaging, embryos treated with 3 µg/ml of cytochalasin
D were dechorionated after 8 min and mounted in 0.3% LMA containing
3 µg/ml cytochalasin D on a round #1 coverglass bottom dish. Control
embryos were treated with equivalent amounts of DMSO.

In situ hybridization

Molecular cloning

Embryos were fixed at various stages in buffer containing 4%
paraformaldehyde (PFA), 4% sucrose and 120 µM calcium chloride at 4°C
overnight. WISH was performed according to (Thisse and Thisse, 2008).
Quantitative RT-PCR

Each RNA sample was isolated using Trizol (Life Technologies, #15596026) from 30 WT or mutant embryos. RNA (1 µg) was used to synthesize
cDNA with the iScript kit (Bio-Rad, #170-8891) following the
manufacturer’s protocol. qRT-PCR reactions were set up using
SoAdvanced SYBR green (Bio-Rad, #172-5265). Primers used are listed
in supplementary material Table S1.

To generate the dchs1b-sfGFP and dchs1b intracellular domain constructs,
the full-length dchs1b ORF or intracellular domain exon was obtained by
multi-step PCR and subcloning from zebrafish cDNA prepared by
SuperScript III RT (Invitrogen). The full-length dchs1b ORF was further
fused in frame with a 9aa linker and the sfGFP sequences by annealing
extend PCR. The intracellular domain sequence spans from amino acid 2398
to amino acid 2756.
Statistical analyses

Statistical analysis was performed using GraphPad Prism 6. Statistical
significance was estimated using a two-tailed unpaired Student’s t-test to
compare two populations.
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